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Ectonucleotidases modulate inflammatory responses by balancing extracellular ATP and adenosine (ADO) and might be involved in COVID-19 immunopathogenesis. Here, we explored the contribution of extracellular nucleotide metabolism to COVID-19 severity in mild and severe cases of the disease. We verified that the gene expression of ectonucleotidases is reduced in the whole blood of patients with COVID-19 and is negatively correlated to levels of CRP, an inflammatory marker of disease severity. In line with these findings, COVID-19 patients present higher ATP levels in plasma and reduced levels of ADO when compared to healthy controls. Cell type-specific analysis revealed higher frequencies of CD39+ T cells in severely ill patients, while CD4+ and CD8+ expressing CD73 are reduced in this same group. The frequency of B cells CD39+CD73+ is also decreased during acute COVID-19. Interestingly, B cells from COVID-19 patients showed a reduced capacity to hydrolyze ATP into ADP and ADO. Furthermore, impaired expression of ADO receptors and a compromised activation of its signaling pathway is observed in COVID-19 patients. The presence of ADO in vitro, however, suppressed inflammatory responses triggered in patients’ cells. In summary, our findings support the idea that alterations in the metabolism of extracellular purines contribute to immune dysregulation during COVID-19, possibly favoring disease severity, and suggest that ADO may be a therapeutic approach for the disease.
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Introduction

Coronavirus Disease 2019 (COVID-19) is an inflammatory disease caused by the infection with the SARS coronavirus 2 (SARS-CoV-2). Clinical manifestations of the disease can range from no symptoms or mild upper airway symptoms to severe lower airway symptoms that can evolve to acute respiratory distress syndrome and death (1, 2). Despite the preferential tropism to the lungs, SARS-CoV-2 can be detected in several organs, triggering exacerbated inflammatory responses not only in the target tissues but also systemically, which seems to be responsible for multi-organ failure (3, 4).

Adenosine triphosphate (ATP) is a nucleotide that is present in high concentrations in the cytosol and can be released into the extracellular space upon cellular activation or death (5–7). Extracellular ATP (eATP) can act as a “danger” signal, promoting immune cell activation and eliciting proinflammatory responses (6, 8). Alternatively, eATP can be converted into adenosine (ADO) by ectonucleoside triphosphate diphosphohydrolases (ENTPDases), ecto-nucleotide pyrophosphatases/phosphodiesterases (ENPPs), ecto-5'-nucleotidases, and alkaline phosphatases expressed in the membrane of several immune cells (9–11). Among them, the ectonucleotidase CD39 (ENTPD1) dephosphorylates ATP and ADP to AMP, which is subsequently converted to ADO by CD73 (NT5E) (11). While eATP has proinflammatory properties, ADO can promote immunosuppression via inhibition of T cell proliferation and function and induction of anti-inflammatory cytokines (12, 13).

Alterations in the expression and frequency of CD39 and CD73 in leukocytes have already been reported during viral infections and seem to contribute to the inflammatory immunopathology of those diseases (14–16). In addition, it has been reported that viral infection and the viral load itself might influence the purinergic signaling in different viral infections (17, 18). In COVID-19 patients, specifically, there is evidence that the expression of ectoenzymes is modified in T cell lymphocytes and monocytes (19–22). However, whether alterations in this pathway might contribute to the exacerbated inflammatory response associated with COVID-19 is still unclear.

Here we suggest that purinergic signaling might contribute to disease severity during SARS-CoV-2 acute infection. We present evidence to support that the decreased expression of ectonucleotidases in COVID-19 patients’ blood compromises the hydrolysis of ATP in ADO and, together with the reduction in ADO receptors, might favor systemic inflammation. Consistently, ADO partially attenuates inflammatory responses in patients’ cells activated in vitro, suggesting that ADO can be considered as a potential therapeutic intervention for COVID-19.



Materials and methods


Human subjects

A total of 88 patients with COVID-19 hospitalized at Hospital das Clínicas da Faculdade de Medicina da Universidade de São Paulo (HC-FMUSP) from May 2020 to August 2021 were enrolled in this study. The participants were not vaccinated against COVID-19 and diagnosis was confirmed by reverse-transcriptase polymerase chain reaction (RT-PCR). Patients were divided according to WHO criteria into (1) mild cases, in which no oxygen therapy or oxygen by mask/nasal prong was required, and (2) severe cases, which were submitted to non-invasive ventilation or invasive mechanical ventilation support by the time of sample collection (23). Mild and severe COVID-19 patients had underlying medical conditions including hypertension, diabetes, and obesity, consistent with previously published studies (24, 25). Supplementary Table 1 summarizes clinical, laboratory, and treatment records from patients. We observed a ∼45.5% mortality rate among patients with severe COVID-19 and ∼9% among those with mild forms of the disease (Supplementary Figure 1). We also collected samples from 29 age- and gender-matched healthy unvaccinated controls and with no COVID-19 associated symptoms.



Sample processing

Blood samples were collected into EDTA tubes and centrifuged at 300 x g for 5 min. Plasma was stored at -80°C for subsequent analysis. The remaining cellular fraction was either stored in RNA Later Solution (Sigma-Aldrich) or processed for leukocyte isolation.



Gene expression by real-time PCR

Relative gene expression levels of the ectonucleotidases ENPP1, ENPP2, ENPP3, ENTPD1 (CD39), ENTPD5, and NT5E (CD73), as well as the adenosine receptors ADORA1R, ADORA2aR, ADORA2bR, and ADORA3R, were obtained by real-time PCR. Whole blood mRNA was obtained using the RiboPure RNA Purification kit (Thermo Fisher Scientific) and reverse transcribed with the iScript kit (Biorad). For real-time PCR reaction, cDNA was incubated with SYBR Green (Applied Biosystem) and the primers for all target genes, using GAPDH as an internal control. Primers sequences are listed in Supplementary Table 2. DNA amplification was carried out in a 7500 Real-time PCR system (Applied Biosystems), and data analysis was performed with the 7500 Software v2.0.6 (Applied Biosystems) according to the delta-CT method (26).



Plasmatic quantification of nucleotides

ATP and ADO levels in plasma were determined by high-performance liquid chromatography (HPLC), as previously described (27). Briefly, plasma samples were denatured with 0.6 M perchloric acid by centrifugation at 4°C, 16,000 x g for 20 min. After, 4 M KOH was used to neutralize the supernatants, and samples were submitted to second centrifugation. The supernatants were collected and stored at -80°C. Purine levels in the plasma were determined using a reverse-phase HPLC (Shimadzu) using a C18 column (Ultra C18, 25 cm, 4.6 mm, 5 μm, Restek). The elution was carried out using a linear gradient from 100% solvent A (60 mM KH2PO4 and 5 mM of tetrabutylammonium chloride, pH 6.0) to 100% solvent B (solvent A + 30% methanol). The amounts of purines were measured by absorption at 254 nm and the retention times of standards were used as parameters for identification and quantification.



Immunophenotyping

The expression of CD39 and CD73 in leukocytes was determined by flow cytometry. Samples were incubated with Fc block solution and stained with the following antibodies: anti-CD39 APC (BD-Bioscences), anti-CD73 BB515 (BD-Bioscences), anti-CD3 BV605 (BD-Bioscences), anti-CD14 PerCP (BD-Biosciences) anti-CD19 PE (Beckman Coulter), anti-CD4 V450 (BD-Biosciences) and anti-CD8 V500 (BD-Biosciences). LIVE/DEAD dye (Invitrogen) was used to distinguish dead cells. Samples were fixed with 4% paraformaldehyde and erythrocytes were removed using the FACS Lysing solution (BD Biosciences). Fluorescent cell data acquisition was done using the LSR Fortessa equipment (BD Biosciences) and analyzed with FlowJo software (BD Life Sciences). Fluorescence controls (FMO - Fluorescence Minus One) were realized for all the fluorochromes in the panel.

In cases in which the expression of ADO receptors was evaluated, blood samples depleted of erythrocytes were fixed with 4% paraformaldehyde and permeabilized with Triton-X 100. Cells were stained with primary rabbit polyclonal antibodies against A1R, A2AR, A2BR, and A3R (1:500) (Abcam) for 2h at room temperature, followed by incubation with secondary antibody Alexa Fluor 488 goat anti-rabbit (1:1000) (Thermo Fisher). Cells were acquired in an Attune cytometer (Life Technologies) and analyzed with the FlowJo software. Granulocytes and Lymphocytes were differentiated based on the forward/side scatter profile.



Single-cell data collection and nucleotidases expression analysis

Kazmierski et al. (28) recently performed single cells RNA-Seq experiments investigating the global transcriptional profile of PBMCs from HDs exposed in vitro to SARS-CoV-2 for 24h (data accessible at NCBI Gene Expression Omnibus [GEO] accession GSE197665 (28)). We retrieved the data sets to characterize the ectonucleotidase mRNA signature. Analysis of the single-cell RNA data was performed using R Studio v3.6 (R Core Team, 2017) and the Seurat v3.1.4 package (29) and differentially expressed genes were analyzed using the 10x Genomics Loupe Browser (v. 5.0.1).



Measurement of soluble CD73

The concentration of soluble CD73 in plasma was determined by the human CD73 ELISA kit (NT5E) (Abcam) according to the manufacturer’s instructions. The minimum detection limit was 156 pg/ml.



Isolation of B cell and the extracellular metabolism of ATP

CD19+ B cells were isolated from blood samples by magnetic separation. Briefly, peripheral blood mononuclear cells were obtained from freshly heparinized blood by density gradient centrifugation. The CD19+ B cells were separated by negative selection using the EasySep Direct HLA B Cell Isolation kit (Stemcell Technologies). The purity of the separated cells determined by flow cytometry exceeded 92%.

B cells were resuspended in phenol red-free RPMI 1640 medium (Gibco) plus 10% fetal bovine serum (FBS) (Sigma-Aldrich) at a concentration of 2.5x105 cells/mL, and 100 µl were plated into a 96-well plate (Jet Bio-Fil). After 18h incubation, the cells were transferred to 1.5ml tubes and resuspended in the incubation buffer containing KCl 5 mM, CaCl2 1.5 mM, EDTA 0.1 mM, glucose 10 mM, sucrose 225 mM, Tris HCl 45 mM, and MgCl2 10 mM, pH 8. ATP (500 µM) (Sigma-Aldrich) was added and cells were incubated for 15, 30, and 60 min. at 37°C and 5% CO2. The reaction was stopped on ice, and cells were centrifuged at 600 x g for 5 min at 4°C. Supernatants were collected and incubated with 10% methanol on ice for 30 min, followed by final refrigerated centrifugation at 25000 x g for 30 min. Samples were stored at -80°C until being analyzed by HPLC as already described.



Isolation of mononuclear cells

For cell culture experiments, mononuclear cells (MNCs) were obtained by diluting 1mL of buffy coat from EDTA tubes into 11mL of PBS. Samples were layered over a buffered 60% solution of Percoll PLUS reagent (GE Healthcare) and centrifuged at 800 × g for 30 min. Cells at the interphase were collected and counted for the next assays.



PKA activity assay

MNCs were resuspended in supplemented medium at a concentration of 1x106 cells/mL and were plated into a 48-well plate. After 18h incubation, either ATP or ADO (100µM) (Sigma-Aldrich) were added to the cultures for 30min. Total cellular proteins were extracted and 30ng were used to access the protein kinase A (PKA) activity using the PKA Kinase Activity Assay kit (Abcam) according to the manufacturer’s instructions. The absorbance was measured at 450 nm with a microplate reader ELx800 (BioTek).



ADO immunomodulation assay

The immunomodulatory capacity of ADO was verified in vitro. In brief, 2x105 cells/mL MNCs were cultured in RPMI 1640 medium plus 10% human serum-supplemented or not with ADO (100 µM) for 2h. Cells were further activated using the TLR7/TLR8 agonist CL097 (5 µg/mL) (In vivogen), used as a viral mimetic, for additional 22h. After stimulation, the supernatants from the cultures were stored at -80°C.



Cytokines measurement

Commercial ELISA kits were used to measure IL-6, TNF-α, and IL-10 (R&D Systems) production in culture supernatants, according to the manufacturer’s protocols. The absorbance was measured at 450 nm with a microplate reader ELx800 (BioTek).



Statistical analysis

Comparisons between patients and healthy controls were performed with the One-way ANOVA test or Mann-Whitney U test, while for comparisons between paired baseline and stimulated conditions within the same group the Wilcoxon signed-rank test was applied. The Spearman test was used for the correlation analysis. The level of significance considered was p≤0.05.




Results


Impaired expression of nucleotidases is associated with inflammatory responses in COVID-19

Although CD39 and CD73 are widely studied in immune cells, several nucleotidases are involved in the extracellular metabolism of purines and hydrolysis of ATP into ADO. Herein, we detected the gene expression of ENPP1, ENPP2, ENPP3, ENTPD1 (CD39), ENTPD5, and NT5E (CD73) in the whole blood of COVID-19 patients. As shown in Figure 1A, there is a significant reduction in the expression of ENPP1, ENPP2, ENPP3, and NT5E in the blood of patients with severe COVID-19 when compared to HDs and a lower expression of ENPP2 and ENPP3 when compared to mild hospitalized cases. Interestingly, the impaired gene expression of these enzymes is negatively correlated to plasmatic levels of C-reactive protein (Figure 1B) and the neutrophil-to-lymphocyte ratio (Supplementary Figure 2), two inflammatory markers of the disease (30, 31), which is in agreement with the idea that the reduced expression of ectonucleotidases is at least in part accountable for the inflammatory status of COVID-19. In accordance with this data, there is a higher concentration of plasmatic ATP in patients with COVID-19 when compared to HDs, independent of disease severity (Figure 1C). At the same time, COVID-19 patients had lower plasma levels of ADO, indicating that the purinergic degradation pathway and ADO production could be compromised in the disease.




Figure 1 | Altered expression of nucleotidases and purinergic composition in the blood of COVID-19 patients. (A) Gene expression of nucleotidases ENPP1, ENPP2, ENPP3, ENTPD5, ENTPD1 (CD39) and NT5E (CD73) in whole blood of healthy donors (n=8) and COVID-19 patients (Mild hospitalized, n=10; Severe, n=10). (B) Negative correlation between the expression of nucleotidases and blood levels of C-reactive protein (CRP) in COVID-19 patients. (C) Plasma levels of ATP and ADO in healthy donors (n=14) and COVID-19 patients (Mild hospitalized, n=23; Severe, n=21). Data are shown as the median. One-way ANOVA test: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Spearman’s correlation test was used to determine the correlation coefficient (r) and the significance (p<0.05). Blue dots indicate healthy donors (HD) whereas orange and red dots indicate hospitalized patients with mild and severe (Sev) COVID-19, respectively.





Altered frequencies of CD39+ and CD73+T and B lymphocytes compromise the hydrolysis of extracellular ATP in COVID-19

As the expression of ectonucleotidases varies among leukocytic populations (32–34), we further analyzed the presence of CD39 and CD73 in specific cell types by flow cytometry. It has already been reported that under healthy conditions CD39 is largely expressed on B cells and monocytes, followed by CD4+ T cells and, less significantly, by CD8+ T and NK cells (35). Despite the considerable expression of CD39 in monocytes, we did not observe significant changes in the frequency of CD14+CD39+ cells in SARS-CoV-2 infected individuals (Supplementary Figure 3). However, there is an increase in the frequency of CD4+CD39+ and CD8+CD39+ T cells with greater expression of CD39 in patients with severe COVID-19 (Figures 2A, B), indicating the prevalence of activated T cells or even regulatory T cells in infected subjects.




Figure 2 | Altered frequency of CD39+ and CD73+ leucocytes in the blood of COVID-19 patients. Frequency and expression of CD39 and CD73 in (A) CD4+ T cells, (B) CD8+ T cells and (C) CD19+ cells from healthy donors (n=14) and COVID-19 patients (Mild hospitalized, n=14-21; Severe, n=12-24) based on the percentage of positive cells and the median of fluorescence (MFI) values. (D) Concentration of plasmatic CD73 from healthy donors (n=13) and COVID-19 patients (Mild hospitalized, n=25; Severe, n=24). (E) Heatmap of average gene expression values for ENPP1, ENPP2, ENPP3, ENTPD1, and NT5E in B cells, CD4+ T cells, and CD8+ T cells exposed or not to SARS-CoV-2. One-way ANOVA test: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Blue dots indicate healthy donors (HD) whereas orange and red dots indicate hospitalized patients with mild and severe (Sev) COVID-19, respectively.



On the other hand, CD73 expression is reduced in both, CD4+ and CD8+ T cells, in COVID-19 patients (Figures 2A, B), corroborating with previous studies (20). Indeed, while T cell activation leads to upregulation of CD39, it also results in the loss of CD73 from the cell membrane which can remain enzymatically active as a soluble protein. To access if the reduced expression of CD73 in lymphocytes of COVID-19 patients is due to its shedding from the cellular membrane, we quantified soluble CD73 (sCD73) in plasma. As can be seen in Figure 2D, there are no differences in the plasma levels of sCD73 between HDs and COVID-19 patients.

While mostly human CD4+ and CD8+ T cells can either express CD39 or CD73, B lymphocytes are usually double-positive for these enzymes and, therefore, play a significant role in the generation of ADO from ATP (36). Interestingly, there is a reduction in the expression of CD39 and CD73 in B cells from COVID-19 patients and the CD19+CD39+CD73+ population is diminished in patients regardless of the disease status (Figure 2C).

We further asked if the modified expression of nucleotidases in leukocytes would be a direct effect of viral exposure. Therefore, we reanalyzed single-cell RNA-sequencing data from PBMCs of healthy donors exposed in vitro to SARS-CoV-2, as described by Kazmierski et al. (28). Overall, no significant modulation in the expression of ENPP1, ENPP2, ENPP3, ENTPD1, and NT5E was found in B cells, CD4+ T cells, and CD8+ T cells when they were incubated with SARS-CoV-2 for 24h (Figure 2E). Although limited to isolated PBMCs, these data indicate that the altered expression of ectonucleotidases observed in COVID-19 patients is more likely to be induced by the immune response triggered by SARS-CoV-2 than the virus itself.

Considering that B cells play a crucial role in controlling purinergic-dependent immune responses due to the high expression of CD39 and CD73, the reduction of CD19+CD39+CD73+ cells could directly impact ADO availability. To verify if these phenotypic changes would compromise the consumption of ATP, ADP, and AMP, B cells were isolated from severely ill patients with COVID-19 and HDs and incubated with ATP (500 µM) for various periods. As expected, B cells from subjects infected with SARS-CoV-2 converted less ATP into ADP and produced less ADO when compared with those from HDs (Figure 3), indicating an impaired capacity of hydrolyzing ATP in B cells from patients with severe COVID-19.




Figure 3 | Decreased hydrolysis of ATP by COVID-19 patients’ B cells. Isolated B cells from healthy donors (n=7) and COVID-19 patients (Severe, n=6) were incubated with 500 μM of ATP for 15, 30, and 60 minutes. Consumption of ATP (A) and production of ADP (B), AMP (C), and ADO (D) was accessed. Data shown as mean with SD. Two-way ANOVA with Bonferroni’s post-test for multiple comparisons: *p<0.05, **p<0.01, ***p<0.001. Blue lines indicate healthy donors (HD) whereas red lines indicate patients with severe (Sev) COVID-19.





ADO signaling is compromised in COVID-19 patients

ADO signals via receptors A1R, A2AR, A2BR, and A3R, and it has been reported that alterations in the expression of these receptors may directly influence the inflammatory response in some pathologies (37, 38). Therefore, we have also investigated the expression of ADO receptors in whole blood samples from COVID-19 patients. Our data indicate a significant reduction of ADORA2A gene expression in the whole blood of patients critically ill with COVID-19 (Figure 4A). Cell-type flow cytometry analysis additionally suggests that all four ADO receptors are less expressed in both, granulocytes and lymphocytes of COVID-19 patients in a severity-dependent manner (Figure 4B).




Figure 4 | Impaired ADO signaling in COVID-19 patients. (A) Gene expression of ADORA1, ADORA2A, ADORA2B, and ADORA3 in whole blood of healthy donors (n=11) and COVID-19 patients (Mild hospitalized, n=10; Severe, n=13). Data presented as median. One-way ANOVA test: *p<0.05. (B) Heatmap of A1R, A2AR, A2BR, and A3R MFI values expression in lymphocytes and granulocytes of healthy donors (n=6) and COVID-19 patients (Mild hospitalized, n=4; Severe, n=8) based on the median of fluorescence (MFI) values. Data presented as mean. One-way ANOVA test: *p<0.05, **p<0.01. (C) MNCs from healthy donors (n=4) and COVID-19 patients (n=4) were incubated with ATP (100 μM) or ADO (100 μM) for 30 minutes. The PKA activity is shown. Data presented as median. Mann-Whitney U test: *p<0.05 (HD vs. COVID-19). Blue dots indicate healthy donors (HD) whereas orange and red dots indicate hospitalized patients with mild and severe (Sev) COVID-19, respectively.



Upon ADO binding, A2AR and A2BR couple with the GαS protein and lead to an increase of intracellular cAMP and PKA activity (12, 39). To explore if this signaling pathway is affected during acute COVID-19, we accessed PKA activation in MNCs from patients and HDs. Our findings indicate that MNCs from COVID-19 patients have, indeed, reduced PKA activity rates under ATP or ADO stimulation when compared to HDs cells (Figure 4C). Together, these results indicate that not only the generation of ADO from ATP is compromised during COVID-19 but the ADO signaling pathway as well.



Inhibition of inflammatory responses by ADO

In order to investigate whether lower availability of ADO could contribute to the pro-inflammatory profile of COVID-19, MNCs from patients with severe COVID-19 and HDs were cultured with a TLR7/TLR8 agonist (CL097, imidazoquinoline-derived compound) under the presence or absence of ADO. This agonist was chosen as an attempt to mimic innate immune responses triggered during SARS-CoV-2 recognition by MNCs (40). The immunomodulatory effect of ADO was measured by the production of cytokines in the culture supernatants. As shown in Figure 5A, incubation with the TLR7/TLR8 agonist induces the production of TNF-α and IL-6 in cells from HDs and COVID-19 patients. Interestingly, in the presence of ADO, this inflammatory response is partially controlled, suggesting a potential anti-inflammatory effect of ADO. Consistent with these findings, we noticed that ADO itself triggers the production of the anti-inflammatory cytokine IL-10 in MNCs from COVID-19 patients and HDs (Figure 5B), indicating a possible mechanism by which ADO suppresses the production of inflammatory molecules. Taken together, these data suggest that although the ADO signaling pathway is compromised in COVID-19, this nucleotide can still trigger the production of IL-10 and partially suppress inflammatory responses.




Figure 5 | ADO prevents cellular activation triggered by TLRs and induces anti-inflammatory responses. (A) MNCs from healthy donors (n=8) and COVID-19 patients (n=11) were incubated with ADO (100 μM) for 2 hours followed by activation with TLR7/8 agonist. Cytokine production in the supernatant after 24h is shown. (B) MNCs from healthy donors (n=8) and COVID-19 patients (n=7) were incubated with ADO (100 μM) for 24 hours and IL-10 production in the supernatant after 24h was accessed. Data are shown as the median. Wilcoxon signed-rank test: #p<0.05; ##p<0.01, ###p<0.001 (between different treatments). Mann-Whitney U test: *p<0.05 (HD vs. COVID-19). Blue dots indicate healthy donors (HD) whereas red dots indicate patients with COVID-19.






Discussion

ATP dephosphorylation into ADO mediated by ectonucleotidases is a key regulatory mechanism of immune responses, promoting the shift from ATP-driven inflammation to immunosuppression induced by ADO (41). Given the pronounced inflammatory characteristics of severe COVID-19 and the role of purinergic signaling in immunosuppression, alterations in the metabolism of extracellular nucleotides could contribute to the immunopathogenesis of the disease. Herein, we demonstrate that impaired expression of nucleotidases and lower ADO concentration in the blood is associated with a worse prognosis of COVID-19, while in vitro administration of exogenous ADO helps to prevent inflammatory responses in the leukocytes of patients.

Expression profiles of ectonucleotidases can be modified under pathological conditions. Higher expression of CD39 in lymphocytes, for example, has been reported in solid tumors and chronic viral infection by HIV and HCV, and more recently during acute infection by SARS-CoV-2 (21, 42, 43). Induction of CD39 expression occurs upon cellular activation and is regulated by hypoxia, oxidative stress, and inflammatory cytokines such as IL-6 and TNF-α (41, 44–46), which are frequently increased in COVID-19 patients (47–50). Although higher expression of CD39 in T cells from COVID-19 patients might indicate a possible mechanism to counterbalance the inflammatory responses via consumption of ATP, its expression in B cells, the major leukocyte population that expresses CD39, is diminished.

The compromised expression of ENPP1, ENPP2, ENPP3, and NT5E (CD73) in the peripheral blood of COVID-19 patients shown here, negatively correlates to plasma levels of the inflammatory marker CRP and the neutrophil-to-lymphocyte ratio, supporting the hypothesis of a direct contribution of the purinergic metabolism to the pathogenesis of the disease. In accordance with our findings, Ahmadi et al. reported that loss of CD73 expression in CD8+ T and NKT cells of COVID-19 patients negatively correlates with serum levels of ferritin, another inflammatory marker of the disease (20). It is important to mention, though, that gene expression analysis in whole blood of COVID-19 patients should be interpreted with caution due to the mono-lymphopenia associated with the disease (51, 52). In this context, it is hard to distinguish whether the altered gene expression results from transcriptional events or whether it is a consequence of the imbalance proportion of lymphocytes and monocytes that express such enzymes in the blood of patients. In any case, reduced expression of nucleotidases in peripheral blood may be possibly responsible for the lower concentrations of ADO in the plasma of COVID-19 patients shown here.

Deep and cell-specific analysis evidence that the surface expression of CD73 is impaired in CD4+ T cells and CD8+ T cells in patients with COVID-19, corroborating previously published data (20, 21). In addition, we verified, for the first time, lower expression of CD73 also in CD19+ B cells. Loss of surface CD73 can be explained by alterations at the transcriptional level or also by the shedding of the enzyme from the cell membrane upon cellular activation (53). Complementary, our single-cell RNA-sequencing data analysis from PBMCs exposed to SARS-CoV-2 indicate that the expression of nucleotidases is not likely to be directly affected by the virus (Figure 2E). However, it has been shown that incubation with plasma from COVID-19 patients inhibits the expression of CD73 in lymphocytes from HDs (21), suggesting the contribution of soluble factors in these alterations besides the virus itself. Moreover, matrix metalloproteinase (MMP-9), which is released by neutrophils during acute lung damage and is elevated in COVID-19 patients’ blood (54, 55), can cleave CD73 from the cellular membrane generating a soluble protein (56, 57). In our cohort, however, no differences regarding soluble CD73 in the plasma of COVID-19 patients and HDs were observed (Figure 2D). Regardless of the specific mechanism behind this alteration has not been elucidated in detail here, loss of CD73 could contribute to the maintenance of the effector function of T cells by preventing ADO-mediated immunosuppression (53, 57). In support of our findings, lymphocyte activation markers such as CD38, CD69, and CD44 are highly expressed on CD4+ and CD8+ T cells of COVID-19 patients (58), and CD73 absence in CD8+ T cells induces granzyme production in these individuals (20).

Different from other lymphocytes, the majority of B cells express CD39 and CD73, contributing significantly to the generation of ADO and inhibiting proliferation and cytokine production in T cells (36). Herein we evidence that B cells from patients with severe COVID-19, which have lower expression of CD39 and CD73, show an impaired capacity to hydrolyze ATP. Similar results were already reported in patients infected with HIV and HBV, where the compromised generation of ADO is claimed to favor inflammatory responses and immune activation (15, 16, 59). Therefore, we have evidences to support the hypothesis that the marked reduction of CD39+CD73+ B cells, together with the impaired expression of CD73 in T cells and the lack of other nucleotidases in the blood, lead to the lower concentrations of plasmatic ADO in COVID-19 patients and might exacerbate innate immune activation. In addition, the absence of CD73 and defective activation of the ADO downstream PKA-mediated phosphorylation of activation-induced deaminase (AID) impairs immunoglobulin class switching in human B cells (60, 61). Whether these alterations compromise humoral responses in COVID-19 patients remains uncertain.

Like us, others have suggested that increased systemic levels of ATP are likely to be involved in the immunopathogenesis of COVID-19 (62, 63), possibly as consequence of the altered expression of nucleotidases. Indeed, the accumulation of ATP has been shown the trigger inflammatory responses such as the activation of the inflammasome pathway (64, 65). Interestingly, there is a higher activation of the NLR family PYRIN domain containing-3, NLRP3, inflammasome in COVID patients (66, 67). In addition, extracellular ATP can contribute to lung local inflammation by recruiting eosinophils, dendritic cells, and neutrophils via P2Y2 receptor (68–70), implying that imbalanced metabolization of this nucleotide could directly contribute to the immunopathogenesis of COVID-19.

Apart from the defective hydrolysis of ATP, ADO signaling itself is apparently compromised in COVID-19, where lower expression of ADO receptors and reduced activity of PKA were observed. Mechanistically, activation of the cAMP/PKA pathway via ADO receptors inhibits the production of TNF-α, IFN-γ, and IL-2 and T cell proliferation (71, 72). At the same time, ADO receptor signaling, more specific A2AR and A2BR, has been shown to trigger IL-10 production via CREB activation (73–75). Therefore, the compromised generation of ADO by leukocytes, especially B cells, associated with impaired signaling mediated by ADO receptors could exacerbate inflammatory responses systemically.

Although ADO signaling is compromised in leukocytes of severe COVID-19 patients, we verified that in vitro treatment can attenuate the production of TNF-α and IL-6 in CMNs after activation. Both cytokines are increased in the blood of COVID-19 patients (76). In fact, it has been reported that ADO reduces NF-κB activation in T cells and monocytes of COVID-19 patients in vitro (21), and the administration of an A2aR agonist attenuated the production of pro-inflammatory cytokines in SARS-CoV-2 mice infection model (77). Moreover, preliminary data suggest that inhaled ADO reduces the levels of CRP in the blood while improving oxygenation rates and reduces hospitalization time in patients with COVID-19 (78, 79). Here we observed that, at the dose used, extracellular ADO can partially overcome the impaired expression of its receptors and imbalanced induction of PKA activity (Figures 4, 5), attenuating inflammatory responses. It is important to mention though that co-treatment with other cAMP inducers, such as the neuropeptide PACAP (80), could result in a more pronounced immunosuppressant effect. Taken together, these findings evidence the potential of ADO as a therapeutic strategy to overcome the exacerbated inflammatory responses in COVID-19.

In summary, our findings indicate that alterations in the purinergic signaling contribute, at least in part, to the immune activation and worse prognosis in acute COVID-19 and reveal the therapeutic potential of ADO-mediated responses in this disease. Whether these alterations persist in recovered patients or impact the development of post-COVID-19 syndrome remains to be elucidated.
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Blood products in therapeutic transfusion are now commonly acknowledged to contain biologically active constituents during the processes of preparation. In the midst of a worldwide COVID-19 pandemic, preliminary evidence suggests that convalescent plasma may lessen the severity of COVID-19 if administered early in the disease, particularly in patients with profound B-cell lymphopenia and prolonged COVID-19 symptoms. This study examined the influence of photochemical Pathogen Reduction Treatment (PRT) using amotosalen‐HCl and UVA light in comparison with untreated control convalescent plasma (n= 72 – paired samples) - cFFP, regarding soluble inflammatory factors: sCD40L, IFN-alpha, IFN-beta, IFN-gamma, IL-1 beta, IL-6, IL-8, IL-10, IL-18, TNF-alpha and ex-vivo inflammatory bioactivity on endothelial cells. We didn’t observe significant modulation of the majority of inflammatory soluble factors (8 of 10 molecules tested) pre- or post-PRT. We noted that IL-8 concentrations were significantly decreased in cFFP with PRT, whereas the IL-18 concentration was increased by PRT. In contrast, endothelial cell release of IL-6 was similar whether cFFP was pre-treated with or without PRT. Expression of CD54 and CD31 in the presence of cFFP were similar to control levels, and both were significant decreased in when cFFP had been pre-treated by PRT. It will be interesting to continue investigations of IL-18 and IL-8, and the physiopathological effect of PRT- treated convalescent plasma and in clinical trials. But overall, it appears that cFFP post-PRT were not excessively pro-inflammatory. Further research, including a careful clinical evaluation of CCP-treated patients, will be required to thoroughly define the clinical relevance of these findings.
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Introduction

In order to improve the survival of COVID-19 patients with extreme acute respiratory syndromes of viral etiology, convalescent plasma therapy, i.e. passive polyclonal antibody administration to provide immediate immunity has been used (1). Patients who have recovered from COVID-19 and have a high plasma titer of neutralizing antibody may be a valuable source of convalescent plasma. Nevertheless, a therapeutic strategy in COVID-19 has not yet been tested regarding the balance between possible clinical advantages and the risks of convalescent blood product transfusion. Moreover, the potential association between the effectiveness of convalescent plasma and the inflammatory characteristics of this plasma has never been established, to our knowledge. Cytokines and/or chemokines are potent modulators of many immune response characteristics including inflammation. Such molecules are major inflammatory response effectors and regulators, which influence immune cell function (2). Inflammatory cytokines/chemokines also interfere with coagulation by fostering a pro-coagulant state that maintains inflammation (3). Plasma transfusion can modulate innate immune responses; however, the immunomodulatory capacity of various plasma products is little understood. Considering that most previous immune modulation research centered on red blood cell products or platelet concentrates linked to transfusion, even less is known about the immunomodulatory effects of plasma products (4, 5).

Although not completely understood, the pathological mechanisms underlying lung injury following the transfusion of Fresh Frozen Plasma (FFP) are thought to result from an inflammatory response involving neutrophil infiltration into the lungs and elevated interleukin (IL)-8 and IL-1 pulmonary levels, as observed in TRALI patients (6, 7). Several studies have shown that pathogen reduction technologies reduced the potential risk of transfusion-transmitted infections (8, 9), still, to our knowledge, convalescent plasma (cFFP) and the inflammatory properties of this plasma have not been investigated. Therefore, in the perspective of a therapeutic strategy in COVID-19, it is essential to characterize precisely the pro-inflammatory content and ability of plasmas that will be transfused to patients, in addition to determining the neutralizing antibody capacity of these plasmas.



Material and methods


Donor recruitment and sample collection

Convalescent patients eligible for plasma donation were asked to undergo plasma apheresis, as described recently (10). In France, plasma collection is recommended no earlier than 14 to 28 days after symptom resolution and plasma for transfusion currently undergoes pathogen reduction or quarantine. Once treated and qualified, plasma was cryopreserved (in 200–250 ml units) and made available for clinical use. Anti–SARS-CoV-2 antibody content was assessed in each donation, with a requirement for a SARS-CoV-2 seroneutralization titer of ≥ 40 and/or an immunoglobulin G (IgG) enzyme-linked immunosorbent assay (EUROIMMUN, Bussy-Saint-Martin, France) ratio > 5.6 (11). cFFP (n=72) units were produced in one regional center of the National Blood Service (EFS Auvergne-Rhône-Alpes). cFFP were collected from anonymous regular blood donors who had accepted, after receiving specific information, that their blood samples be used for research purposes and had signed a consent form approved by the regulatory authorities. Written informed consent was obtained from all the patients or their trusted persons. Data collection from the PLASMACOV cohort was approved by the French national ethics committee (2020-A00728-31) (12, 13). Apheresis was carried out using a plasma collection system (Auto-C or Aurora, Fresenius Kabi, BadHomburg, Germany) containing the anticoagulant Citrate Dextrose Solution (ACD, Macopharma, Tourcoing, France). After a leukofiltration step, a sample (2 mL) of each unit of convalescent plasma without pathogen reduction technology (PRT - INTERCEPT Blood System - Cerus Corp, Concord, CA) was aliquoted. A 2 mL sample of the same cFFP that met treatment criteria for amotosalen/UVA‐PRT was used for pathogen reduction according to the manufacturers instructions (14). Before and after PRT treatment, samples of each cFFP were stored at -80°C before use.



Soluble inflammatory factor assays in cFFP

Levels of various soluble inflammatory factors (sCD40 Ligand, IFN-alpha, IFN-beta, IFN-gamma, IL-1 beta, IL-6, IL-8, IL-10, IL-18, and TNF-alpha) were quantified in cFFP with or without PRT using Luminex Technology, according to the manufacturer’s instructions (Bio-Techne, Minneapolis, US). Absorbance at 450 nm was determined using an enzyme-linked immunosorbent assay reader (Magellan Sunrise software, Tecan Group Ltd., Lyon, France).



EA.hy926: Endothelial cell culture

EA.hy926 is a permanent cell line derived by fusing human umbilical vein endothelial cells (HUVEC) with the cell line A549 (15). The EA.hy926 cell line was obtained from the American Type Culture Collection (ATCC, Manassas, Virginia, USA). EA.hy926 was cultured as described (16) in 6-well and 96-well plates in order to obtain approximately 106 cells/ml. The cell number was quantified with a TC10 Automated Cell Counter (Bio-Rad, Marnes-la-Coquette, France). Cells were grown until confluent then passaged with 0.25% trypsin (Sigma-Aldrich, Saint-Quentin-Fallavier, France).



Stimulation of EA.hy926

EA.hy926 endothelial cells were cultured in 6- (1x106 cells/well) or 96-well plates (5x104cells/well) and grown for 48 hours to reach confluence prior to the experiment. Confluent endothelial monolayers were washed and incubated for 24 hours at 37°C and underwent the following treatments: control wells were incubated with DMEM only, test wells with convalescent FFP with or without PRT diluted at 1/5 in DMEM, and positive control wells were stimulated by recombinant human TNF-alpha (PeproTech, Neuilly-sur-Seine, France) at a final concentration of 100 pg/ml. After 24 hours of incubation, supernatants were recovered and frozen at -80°C. After washing in phosphate buffered saline (PBS), the cells were centrifuged for 5 minutes at 300 g and 22°C. The EA.hy926 Endothelial cells pellets were resuspended in 1% paraformaldehyde in PBS for 30 minutes and then washed. The fixed cells were resuspended in PBS for further analyses as described below.



Flow cytometry analyses

The surface phenotype of EA.hy926 endothelial cells was determined by flow cytometry. Cells were fixed as described above. Direct labelling was performed for the following markers: endoglin/CD105 (BD Biosciences, Le Pont de Claix, France), ICAM-1/CD54 (BD Biosciences, Le Pont de Claix, France), and Platelet endothelial cell adhesion molecule PECAM1/CD31 (BD Biosciences, Le Pont de Claix, France). The cells were incubated for 30 minutes with antibodies. In all experiments, background labelling was assessed using the relevant fluorochrome-conjugated mouse IgG isotype control (BD Biosciences, Le Pont de Claix, France). Cells were centrifuged at 300 g for 5 minutes at 22°C then washed in PBS. Data acquisition was performed using a Guava easyCyte HT Flow Cytometer (Merck Millipore, Molsheim, France) and analysis carried out using the Incyte program. At least 10,000 events were collected for each sample.



Endothelial cell IL-6 quantification

The production of soluble cytokines in culture supernatants of EA.hy926 Endothelial cells both stimulated and not stimulated by convalescent plasma or not was measured using the specific enzyme-linked immunosorbent assays (ELISA). Interleukin-6 levels (DuoSet) were measured by commercial ELISA kit (DuoSet - R&D Systems, Lille, France) according to the manufacturer’s instructions. Absorbance at 450 nm was determined with an ELISA reader (Magellan Sunrise software, Tecan Group Ltd., Lyon, France).



Statistical analysis

The data was not normally distributed. The results were presented as scatter dot plots and red lines show the median of raw data. Statistical analysis was performed using paired t-tests (GraphPad™, La Jolla, CA). Statistically significant differences required a p value < 0.05 (*p<0.05, **p<0.01, ***p<0.001). Group comparisons were made using a one-way analysis of variance (ANOVA) followed by a Kruskal-Wallis test and a Dunn’s post-test. The two-tailed t-test and Mann-Whitney test were used to compare two groups (GraphPad Software, La Jolla, California, USA).




Results and discussion

Contents of sCD40 Ligand (A), IFN-alpha (B), IFN-beta (C), IFN-gamma (D), IL-1 beta (E), IL-6 (F), IL-10 (G) and TNF-alpha (H) in cFFP with PRT were not significantly different (P > 0.05) from untreated FFP (without PRT) (Table 1) - (Figures 1A–H), contrary to IL-8 (Figure 1I) and IL-18 (Figure 1J). Although the values are relatively low, we observed a significantly higher concentration of IL-8 in convalescent FFP without PRT compared to with PRT, respectively 0.9501 ± 2.012 vs. 0.4664 ± 2.203 pg/mL, this may indicate a less inflammatory plasma preparation after PRT treatment. In contrast, a significantly higher concentration of IL-18 is observed in convalescent FFP with PRT compared to without PRT; 258.1 ± 127.5 pg/mL vs. 207.6 ± 96.25 pg/mL respectively).


Table 1 | Descriptive statistic of database.






Figure 1 | Quantification of soluble sCD40 Ligand (A), IFN-alpha (B), IFN-beta (C), IFN-gamma (D), IL-1 beta (E), IL-6 (F), IL-10 (G), TNF-alpha (H), IL-8 (I), and IL-18 (J) in convalescent FFP (cFFP) with or without PRT. The concentration of soluble inflammatory factors was quantified by Luminex technology. Values shown are deducted from background levels. Data (Scatter plot and mean; n = 72 for each group. Significance between samples was assessed using a paired sample. P values < 0.05 were considered to be significant (ns, not significant; ** < 0.01; **** < 0.0001).



One limit of this study concerns the high cytokine profile heterogeneity. Interpretation of cytokine data in such studies is frequently made by comparing the mean levels in several experimental conditions. Our data show that the mean and median values are different. Outliers affect the mean value of the data but have little effect on the median or mode of a given set of data. Analysis of the outlier cFFPs with or without PRT could be interesting, particularly in a clinical context. Finally, clinical aspects were less detailed in our study but efficacy of Convalescent Plasma to Treat COVID-19 Patients, a Nested Trial in the CORIMUNO-19 Cohort (CORIPLASM) (NCT04345991) is under analysis.

Production of IL-6 by endothelial cells has been widely documented in pro-inflammatory environments. We therefore examined Il-6 release after endothelial cell activation with cFFP. We did not observe any PRT-related modulation of IL-6 release (n=72), in contrast to IL-6 levels activated by TNF-α stimulation (n=12) (Figure 2A).




Figure 2 | Endothelial cells (EA.hy926 cells) activation focusing on IL-6 release and on membrane expression. EA.hy926 cells were stimulated with convalescent FFP (cFFP) with (n = 72) - considered as the gold standard - or without PRT (n = 72). EA.hy926 cells were stimulated with negative and positive controls. TNF-α stimulation was considered the positive control (n = 18) and unstimulated EA.hy926 cells were viewed as the negative control (n = 19). Bioactivity in EA.hy926 endothelial cells was measured with IL-6 release (A), with or without stimulation. Bioactivity in EA.hy926 endothelial cells was measured with FCM focusing on membrane expression of CD54 (B) and CD31 (C) with or without stimulation. Scatter dot plots represent the data, and the red line denotes the median of raw data. Statistical analyses were performed using one-way Anova with multiple comparisons (P-values<0.05 were considered significant; * < 0.05; **** < 0.0001).



To further evaluate the effect of cFFP with or without PRT treatment (n=72) on endothelial cells, plasma was added to EA.hy926 cell cultures and membrane expression of adhesion molecules was then evaluated. The percentage expression of CD105 (data not shown) was unchanged in the presence of cFFP with or without PRT treatment or by recombinant human TNF-α at a final concentration of 100 pg/ml (n=12).

CD54 (Figure 2B) and CD31 (Figure 2C) two crucial endothelial cell adhesion molecules, that are implicated in endothelial permeability, and transendothelial leukocyte migration had similar expression levels as in controls. We did not observe significant modulation of CD54 in the presence of cFFP with or without PRT treatment compared to unstimulated EA.hy926 cells. However, expression of CD31 was significantly increased in the presence of cFFP with or without PRT treatment compared to unstimulated EA.hy926 cells, respectively p=0.207 and p<0.0001 (Figure 2C). Furthermore, both CD54 and CD31 expression were significantly decreased by exposure to cFFP that had undergone PRT treatment (Figure 2C). As expected, TNF-α stimulation reduced the expression of PECAM-1 (CD31). This molecule is highly implicated in the process of trans-endothelial-migration [reviewed in (17) and (18)]. Moreover, as previously reported, TNF-α stimulation increased the expression of ICAM (CD54) (19) (Figures 2B, C). Biological response modifiers (BRMs), such as anti-microparticles, lipids, and cytokines/chemokines, and particularly sCD40L, have been linked to inflammatory Serious Adverse Reactions (SARs), such as Transfusion-related acute lung injury (TRALI). sCD40L is a platelet-derived proinflammatory mediator that accumulates during platelet concentrate or FFP storage. Because COVID-19 patients are more likely to develop Acute Respiratory Distress Syndrome (ARDS), the absence of significant modulation of sCD40L in cFFP with PRT was reassuring.

Treatment of cFFP by PRT clearly increased levels of the pro-inflammatory cytokine IL-18. Serum IL-18 levels in healthy subjects ranged from 80 to 120 pg/mL (20). An increase of IL-18 concentration has been observed in the serum of i) adult and pediatric patients with Crohn’s disease (21) (in the order of 400 pg/mL), ii) patients with coronary artery disease (22, 23) (in the range of 70 to 300 pg/mL) an iii) patients with ARDS (in the order of 600 pg/mL), and correlated with severity score and death (24). In the light of these studies, clinical research will be performed to evaluate the transfusion efficacy related to the transfusion of convalescent or non-convalescent plasma as a therapeutic support in ARDS patients.

In the context of COVID-19, Zachary B Zalinger et al. suggested that inflammasome signaling is largely protective in murine coronavirus infection, largely due to the pro-inflammatory effects of IL-18 (25). However, another report noted significantly elevated levels of IL-18 in the plasma of COVID-19 patients (26). The levels of other inflammatory cytokines/chemokines IL-1b, IL-1RA, IL-6, IL-8, IL-18 and TNFα were not higher in critically ill patients with COVID-19 than in critically ill patients admitted for ARDS or sepsis (27). Finally, although high concentrations of cytokines/chemokines have been widely described in COVID-19 patients, the vast majority (including IL-6, IL-10, IL-18, CTACK and IFN-γ) do not appear to be prognostic, as they do not always differentiate between moderate and severe cases (28). In a model of the immune cell interaction between DC and B cells in COVID-19 patients, IL-18 was found to be critical for antibody production by B cells, suggesting its importance in recovery (29). It will be interesting to see whether IL-18 present in convalescent plasma correlates with plasma titers of neutralizing antibody.

Convalescent plasma from recovered COVID-19 patients contain neutralizing antibodies against the spike protein of SARS CoV-2, which may benefit severely sick COVID-19 patients by neutralizing the virus and halting its replication in the host. Early administration of high-titer convalescent plasma against SARS-CoV-2 to mildly ill infected older adults reduced the progression of Covid-19. The use of inflammatory convalescent plasma to treat COVID-19 may be an interesting approach that has not yet been fully studied and may potentially increase the efficacy of transfusion.

The concentration of IL-8 in convalescent plasma with or without PRT treatment was low, with a median of 0 [0-15.40] and 0.32 [0-11.80] pg/mL respectively. In healthy subjects, the median serum IL-8 level was 87.45 pg/mL (5–7500), which exceeded the normal range (< 62 pg/mL) and indicated an increase in serum IL-8 level.

Anil Bagri et al. (30) measured the level of cytokines in CCP and the impact of Amotosalen/UVA pathogen reduction treatment (A/UVA-PRT), and compared Pre-PRT and Post-PRT levels using a highly sensitive and specific Luminex-based multiplexed cytokine panel. Concerning the common soluble inflammatory factors, TNF alpha, IL-6, IL-10, we did not observe significant modulation pre-PRT or post-PRT. Overall, Anil Bagri et al. (30) did not observe significant modulation of cytokines studied (in agreement with our study) including GM-CSF, Interleukin (IL)-2, IL-3, IL-4, IL-5, IL-7 and IL-17. We have reported similar results concerning sCD40 Ligand, IFN-alpha, IFN-beta, IFN-gamma, IL-1 beta, IL-6, IL-10 and TNF-alpha in cFFP with or without PRT. However, Anil Bagri et al. reported that PRT reduced the levels of all three pro-inflammatory cytokines (MIP-1β p, MCP-1 and IL-1β p), this is in keeping with our results concerning IL-8 (30).

There are several potential explanations for the higher IL-18 concentration detected in PRT cFFP i) the soluble IL-18Rα complex is composed of the soluble forms of the IL-18Rα and IL-18Rβ chains and binds IL-18. We can’t exclude that PRT cFFP could decrease the cFFP concentration of the soluble IL-18R resulting in increased detection of free IL-18; ii) The sequestration of IL-18 by its soluble decoy receptor IL-18-Binding Protein (IL-18BP) is critical to the regulation of IL-18 activity and a similar mechanism could result in a decreased concentration of IL-18-BP in PRT cFFP leading to detection of higher levels of free IL-18. Finally, upon exposure to UV radiation, both precursors (pro-IL-18) are cleaved by caspase-1. Caspase-1plays a major role in the cleavage of the IL-18 precursor, and we cannot exclude that PRT does not increase caspase-1 activity resulting in a higher IL-18 concentration in PRT cFFP.

Cytokines/chemokines have been considered individually and we can’t exclude synergistic, antagonistic and additive effects also, the modulation of cytokine/chemokine concentration between the two conditions was noted but this was not reflected in their bioactivity on endothelial cells. IL-18 concentration was significantly elevated in cFFP PRT compared to cFFP w/o PRT, but this concentration is very low compared to that in serum samples from patients with COVID-19. Hospitalized. COVID-19 patients had higher IL-18 levels compared to healthy subjects (103 pg/mL vs. 310 pg/mL). Moreover, in the same report, the authors demonstrated that serum IL-18 concentrations are remarkably increased in patients with COVID-19 and correlated with other inflammatory markers and disease severity (31).

Moreover, this study examined whether convalescent plasma with or without PRT treatment modified the endothelial bioactivity. Concerning the EA.hy926 cell line, we did not observe any significant modulation of IL-6 release after activation with convalescent plasma with or without PRT treatment. Although CD54 expression in the presence of cFFP (with or without PRT treatment) remained close to control levels, expression was significantly decreased in the presence of cFFP pre-treated by PRT treatment. In contrast, CD31 expression was higher in endothelial cells treated by cFFP, importantly PRT treatment decreased the CD31 expression. Modulation of CD54 and/or CD31 may have important consequences because both CD54 have well-documented roles in the process of trans-endothelial-migration. This process has been intensely studied. Endothelial cell membrane CD54 has a role early in the transendothelial migration (TEM) of polymorphonuclear neutrophils and accumulates below the leukocyte in response to interactions with LFA-1 on the leukocyte. As TEM begins, ICAM-1 surrounds the leukocyte as it transmigrates. CD31 localizes both in the endothelial border and in Lateral Border recycling compartments LBRC and in the steady state 30% of total PECAM-1 is estimated to be within the LBRC. Endothelial CD31 is implicated in two critical and related signaling events in transmigration, by engaging in homotypic interactions with the leukocyte followed by a transient intracellular Ca++ increase. Disruption of CD31-CD31 homophilic interactions blocks both TEM and recycling of the LBRC and limitation of either of signaling event restricts TEM of neutrophils and/or monocytes. Therefore, the modification of CD54 and/or CD31 expression by PRT is likely to decrease both early and late stages of leukocyte binding and migration across the endothelial membrane and may thereby reduce inflammation.

Because some debate persists on the broad implementation of PRT regardless of consensus, it is crucial to continue investigations on both the physiopathology of intercept treated-blood products and post marketing clinical trials.
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Immune responses affiliated with COVID-19 severity have been characterized and associated with deleterious outcomes. These approaches were mainly based on research tools not usable in routine clinical practice at the bedside. We observed that a multiplex transcriptomic panel prototype termed Immune Profiling Panel (IPP) could capture the dysregulation of immune responses of ICU COVID-19 patients at admission. Nine transcripts were associated with mortality in univariate analysis and this 9-mRNA signature remained significantly associated with mortality in a multivariate analysis that included age, SOFA and Charlson scores. Using a machine learning model with these 9 mRNA, we could predict the 28-day survival status with an Area Under the Receiver Operating Curve (AUROC) of 0.764. Interestingly, adding patients’ age to the model resulted in increased performance to predict the 28-day mortality (AUROC reaching 0.839). This prototype IPP demonstrated that such a tool, upon clinical/analytical validation and clearance by regulatory agencies could be used in clinical routine settings to quickly identify patients with higher risk of death requiring thus early aggressive intensive care.




Keywords: transcriptomic multiplex tool, SARS-CoV-2 infection, immune response, 28-day mortality prediction, personalized medicine



1 Introduction

The current pandemic of coronavirus disease-2019 (COVID-19) caused by severe acute respiratory syndrome-related coronavirus 2 (SARS-CoV-2) has infected over 589 million patients with more than 6 million deaths worldwide as of August 2022. Disease severity is highly variable, with the vast majority of patients remaining asymptomatic or demonstrating minimal to mild symptoms such as fever, cough and shortness of breath. Nonetheless, it was reported that 5 to 10% of patients require intensive care due to rapid progression (9 to 12 days) toward acute respiratory distress syndrome (ARDS) requiring ICU (intensive care unit) admission and invasive mechanical ventilation (1, 2).

The immune response has been demonstrated to play a key role in the physiopathology of COVID-19. In the most severe phenotype, patients present a complex immune profile that evolves over time (3, 4). At ICU admission, their immune response is mostly characterized by altered immuno-inflammatory responses with inadequate response of type I interferons signaling and downregulation of IFN-stimulated genes (ISGs), increased cytokines levels (both pro- and anti-inflammatory), marked lymphopenia, elevated immature myeloid cells, and decreased monocyte HLA-DR (mHLA-DR). Those alterations were hypothesized to lead to microthrombosis and tissue injury, eventually resulting in ARDS, multiorgan failure and death (5). During the pandemic, many exploratory non-hypothesis-driven studies have been conducted for deciphering the immune processes. As a whole, these studies used mixed various flow approaches (spectral flow, multicolor flow, time of flight mass spectrometry), transcriptomic strategies (transcriptomic signatures, single-cell RNA-seq), functional testing, and multiplex measurement of soluble mediators. Results were mostly analyzed though multi-data/−omic approaches. While providing crucial information on COVID-19 pathophysiology, these approaches were mainly based on clinical research tools that are, due to several limitations (i.e., time consuming, lack of standardization, poorly reproducible between cohorts or costly), not usable in clinical routine at the patients’ bedside or central lab.

A prototype multiplex transcriptomic tool used on the BIOFIRE® FILMARRAY® System allows whole blood assessment of mRNA of several genes involved in various aspects of the immune response (6, 7). Thus, this Immune Profiling Panel (IPP) gene set could potentially contribute to better decipher the complex immune status of severe COVID-19 patients when admitted to ICU. Here, we investigated this transcriptomic prototype device in a large cohort of critically ill COVID-19 patients. We found that a set of 9-mRNA immune-related markers was capable in predicting 28-day mortality and providing relevant information about immune dysregulations.



2 Material and methods


2.1 Subject details


2.1.1 RICO cohort

RICO (REA-IMMUNO-COVID) is an ongoing prospective observational clinical study. In this ancillary study, 309 patients were enrolled between August 2020 and August 2021 in five ICUs of university-affiliated hospitals (Hospices Civils de Lyon, Lyon, France). They all presented pulmonary infection with SARS-CoV-2. Results on this cohort have been published previously (8). Briefly, inclusion criteria were (1) man or woman ≥ 18 years of age (2), hospitalization in ICU for SARS-CoV-2 respiratory infection (3), first hospitalization in ICU (4), positive diagnosis of SARS-CoV-2 infection carried out by PCR or by another approved method in at least one respiratory sample (5), blood sampling in the first 24h after admission to ICU (Day 0) feasible and (6) patient or next of kin who has been informed of the terms of the study and has not objected to participating. Exclusion criteria were pregnancy, institutionalized patients and inability to obtain informed consent. In the present work, IPP was tested at Day 0. Patients were 65.0 years old [IQR, 57.0-72.0] and presented a disparate distribution of males and females (68/32).

The RICO study protocol was approved by ethics committee (Comité de Protection des Personnes Ile de France 1 – N°IRB/IORG #: IORG0009918) under agreement number 2020-A01079-30. This clinical study was registered at ClinicalTrials.gov (NCT04392401). The committee waived the need for written informed consent because the study was observational, with a low risk to patients, and no specific procedure, other than routine blood sampling, was required. The RICO cohort comply with the Declaration of Helsinki, principles of Good Clinical Practice and the French personal data protection act.



2.1.2 Healthy donors

Concomitantly, blood samples from 49 healthy volunteers were independently obtained from EFS (Etablissement Français du Sang, Lyon, France). Briefly, healthy donors were 40 years old [IQR, 27-54] and were heterogeneously distributed between males and females (73/27). Samples were collected in April 2020 and November 2021.

We used the Etablissement Français du Sang standardized procedures for blood donation and followed provisions of articles R.1243–49 and the French public health code to obtain written non-opposition to the use of donated blood for research purposes from healthy volunteers. The blood donors’ personal data were deidentified before transfer to our research laboratory.




2.2 Method details


2.2.1 Transcriptome analysis

Whole blood was collected in PAXgene™ tubes following the manufacturer’s guidelines. Briefly, samples were left for 2 hours at room temperature in contact with reagents in the tubes before being transferred to -20°C for at least 24 hours and stored at -80°C. Samples were run on the BIOFIRE® FILMARRAY® TORCH (BioFire Diagnostics®, USA) using the prototype IPP gene set. Results were delivered in less than an hour and normalized expression values of markers were computed and used for the analyses.



2.2.2 Immunological markers measurements

CD3+ T cells count was performed on an automated volumetric flow cytometer (Aquios CL, Beckman Coulter). Standardized mHLA-DR values (AB/C, antibodies bound per cell) were obtained by flow cytometry (Navios, Beckman Coulter) with HLA-DR Quantibrite reagents (Becton Dickinson) as previously described (8).




2.3 Statistical analysis

The study cohort was split randomly in a 70/30 manner to obtain two datasets balanced on three parameters: age, sex and mortality. This resulted in a dataset of 216 patients used for machine learning training purposes and an independent test set of 93 patients used for performances validation. For datasets description, qualitative data were reported as counts and frequencies and quantitative data were reported as median [IQR range]. Clinical characteristics were compared with non-parametric Mann-Whitney-Wilcoxon test for continuous variables and a Fisher’s exact test or chi-squared test (as appropriate) for categorical variables. The level of significance was set at 5% two-sided tests. Statistical analyses were performed with R software version 3.6.2. Data were centered and scaled to perform non-supervised principal components analysis using FactoMineR package (version 2.4). Genes that were significantly associated with 28-day mortality in a univariate logistic regression model were used to build multivariate models for prediction of the 28-day survival status. Trained models were logistic regression with L1 (Lasso), L2 (Ridge) and mixed (ElasticNet) regularization, Partial Least Squares-discriminant (PLS) analysis and Support Vector Machines with linear kernels (linear SVM) using CARET package (version 6.0-84). To compensate the imbalanced repartition of mortality in our datasets, the Synthetic Minority Oversampling Technique (SMOTE) was applied for hyper parameters tuning (9). Models hyper parameters were chosen corresponding to the largest mean Area Under Precision Recall Curve (AUPRC) value among test folds from repeated cross-validation (k-fold=5, number of repeats=10) in the RICO training cohort (10) as sensitivity and Positive Predictive Values (PPV) are parameters of interest. Briefly, among the 5 machine learning algorithm evaluated, the hyper parameters selected were as follow, Lasso (α=1, λ=0.031), Ridge (α=0, λ=0.556), ElasticNet (α=0.35, λ=0.37), PLS (ncomp=1) and linear SVM (C=0.367). AUPRC and their bootstrap 95% confidence interval was obtained using PRROC (version 1.3.1) and boot (version 1.3-28) packages. Number of bootstrap resamples has been set to N=1000. Variables relative importance in the linear SVM model was calculated using the FIRM method from vip package (version 0.3.2) (11). Area Under the ROC Curve (AUROC) and bootstrap 95% confidence interval and diagnostic performances (sensitivity, specificity, positive and negative predictive values and F1 score) at optimal cut-offs for the 9-mRNA panel as well as others individual parameters were obtained considering respective Youden values from cutpointr package (version 1.1.1) defined on training dataset and then applied on test dataset values. The F1 score (harmonic mean of recall and precision) was used as model accuracy measure due to unbalanced data. The survival probability rendered by the linear SVM machine learning model with the 9 genes significantly associated with 28-day mortality was tested in a multivariate logistic regression analysis with confounding clinical factors found to be significantly associated to 28-day mortality in the univariate analysis (i.e. age, Charlson and SOFA scores). The SAPS II score was excluded from the analysis as age and severity were captured by age and SOFA score. As the number of events of interest in the combined train and test cohorts was 52; the inclusion of three confounding factors in such multivariate analysis appeared appropriate.




3 Results


3.1 Clinical characteristics at ICU admission

Patient characteristics (whole, training and test cohorts) are shown in Table 1. A total of 309 patients were hospitalized in 5 hospitals in Lyon between August 2020 and August 2021. Briefly and as previously reported, we observed that 70% of patients were male. Overall, patient characteristics were similar to those described in previously published cohorts of critically ill COVID-19 patients. Patients were admitted to the Intensive Care Unit (ICU) with a median of 9 days after presentation of the first symptoms [IQR, 6.0-11.0]. They presented comorbidities as assessed by their Charlson score. Among these comorbidities, diabetes was preponderant (31%). As reported worldwide, patients presented a high median BMI (kg/m3) of 29.1 [IQR, 26.1-33.2]. In terms of severity of the disease, patients presented a decreased PaO2/FiO2 (mmHg) with a median of 97.5 [IQR: 74.3-146.5], elevated SOFA [median: 2.0; IQR: 1.0-5.0] and SAPS II scores [median: 30.0; IQR: 23.5-39.0]. At admission, 17.2% patients required invasive mechanical ventilation. All patients were under systemic corticoid therapy upon or at admission (6mg dexamethasone daily). Patients spent a median 18 days [IQR, 11.0-31.8] in the hospital among which 8 days [IQR, 4.0-17.0] were spent in the ICU. About a third developed secondary infections. Most of these were pneumopathies (87/99) among which 16 were fungal infections. Lastly, among the 309 patients, 52 (17%) died by day 28.


Table 1 | Clinical characteristics of critically ill patients with COVID-19.





3.2 Cellular immunology and IPP transcriptomic profile

As previously reported, mHLA-DR was decreased with a median of 8950 AB/C [IQR, 6655.5-12173.5] in comparison with references values (> 13 500 AB/C) and patients presented with severe lymphopenia with a median T cell count of 325 cells/µL [IQR, 228.0-505.5] compared to reference values > 1000 cells/µL (13, 14).

Non-supervised clustering using principal component analysis (PCA) on the 26 IPP mRNA transcripts resulted in clear distinct clusters between the 309 critically ill COVID-19 patients at admission and 49 healthy donors (Figure 1A). The IPP gene set revealed significant changes in inflammation and cellular-associated transcriptomic markers in COVID-19 patients when compared with healthy volunteers. CD74, CIITA, CD3D and IL7R were downregulated in critically ill COVID-19 patients (Figure 1B) in accordance with the occurrence of altered monocyte and T lymphocyte responses. Pro- and anti-inflammatory responses (e.g. IL1RN, IL10, IL1R2 and IP10) were both upregulated in patients (Figure 1B). In contrast, we observed that IFNG and TNF mRNA levels were lower in patients than in healthy donors. Overall, these first results indicated that the IPP gene set provided relevant information recapitulating immune dysregulation known in COVID-19 critically ill patients, in line with the vast literature previously published on this population.




Figure 1 | IPP markers distinguish healthy donors from critically ill COVID-19 patients and are associated with immunological parameters. (A) Non-supervised PCA on IPP markers measured at admission (Day 0) in critically ill COVID-19 patients (n=309) and healthy donors (n=49). (B) Boxplots representation of the expression of IPP markers related to immunological parameters. p values were computed with a Mann-Whitney-Wilcoxon test. Whiskers indicate the 2.5 and 97.5 percentiles.





3.3 Association with 28-day mortality

We further investigated the association between IPP markers and the 28-day mortality. A logistic regression univariate analysis was performed on the training dataset composed of 216 patients, we identified 9 genes that were significantly associated with 28-day mortality (Table 2), namely ADGRE3, C3AR1, CD177, CD74, CIITA, IL10, IL1R2, OAS2 and TDRD9. Among those, ADGRE3, CD74 and CIITA were significantly downregulated in non-survivors when compared to survivors, while all other markers were upregulated in non-survivors. Among cellular parameters, only CD3 T cells count was significantly associated with 28-day mortality in a logistic regression model (p=0.031). Descriptive boxplots of the 9 genes that compose the panel along with clinical scores and age regarding with 28-day survival status are presented in Figure 2. Consistent with the existing literature, age, SOFA, SAPS II and Charlson scores were significantly associated with mortality in univariate analysis.


Table 2 | Association between IPP transcriptomic, immune, clinical or demographical parameters and 28-day survival status: univariate analyses.






Figure 2 | Description of IPP 9-mRNA and clinical parameters in the RICO cohort of 309 critically ill COVID-19 patients. (A) Expression of IPP markers (values are presented as normalized Cp). (B) Age (years). (C) Clinical scores. All parameters are presented at admission between 28-day survivors (green) and non-survivors (red). When relevant, reference values of healthy donors are presented in grey. The p-value were generated using a Mann-Whitney-Wilcoxon test between survivors and non-survivors.



This 9-mRNA signature was then used in five different machine learning models to predict the 28-day survival status in the training dataset. We selected the best performing machine learning model based on the area under the precision-recall curve (Table 3). We found that the linear support vector machine learning model presented the best AUPRC (0.431) and second best AUROC (0.744). We then tested the tuned models on the test dataset (93 patients) to confirm results obtained in training dataset. The AUPRC calculated was 0.431 while the AUROC reached 0.764 (Table 3). The ROC curves generated on the training and test datasets are shown in Figure 3. Overall, results from the test dataset confirm the robustness of those obtained on the training dataset to predict mortality. The 9-mRNA signature was further tested in a logistic regression multivariate analysis with the following confounding factors: age, SOFA score and Charlson score. The signature remained significantly associated with 28-day mortality with an odds ratio per interquartile range of 3.78 (Table 4).


Table 3 | Summary of the performance of the five different machine learning models on the training and test datasets.






Figure 3 | IPP markers measured at admission predict 28-day mortality in critically ill COVID-19 patients. Area Under the Receiver Operating Characteristics curve (AUC) calculated on the training dataset of 216 patients and the independent test set of 93 critically ill COVID-19 patients using the 9-mRNA panel at their admission in the ICU. The 95% confidence interval (grey) was calculated using bootstrap with 1000 repetitions.




Table 4 | Association between 9-mRNA signature, clinical or demographical parameters and 28-day survival status: multivariate analysis.



In order to test the added value of a 9-mRNA signature, we then examined individual 28-day mortality prediction performance of each mRNA in the signature set as well as age, SOFA and SAPS II scores, and T cell count using logistic regression models. We found that the 9-mRNA signature presented the best AUPRC (and AUROC) when compared to all other individual parameters. Using the Youden threshold, we calculated the sensitivity, specificity, positive predictive value, negative predictive value and F1 score for each parameter (Table 5). Not surprisingly, we found that age was also well associated with 28-day mortality, which is consistent with numerous observations made since the beginning of the pandemic. Based on this, we next investigated whether a machine learning model including age and the 9-mRNA signature could be more informative to predict 28-day mortality. Using the same previous methodology, we found that the linear support vector machine learning model composed of the 9 genes and age was the best to predict 28-day mortality with an AUPRC of 0.539 (AUROC = 0.839) in the training dataset. The test dataset provided similar results, i.e., an AUPRC of 0.532 (AUROC = 0.839) (Figure 4A). Results from the two models (i.e., with and without age) are depicted in Figure 4B.


Table 5 | Indicators of 28-day survival prediction performance of individual transcripts and the 9-mRNA panel along with age, CD3 T cells count, SOFA and SAPS II scores at admission.






Figure 4 | Performance of the 9-mRNA signature combined with age to predict 28-day survival status in critically ill COVID-19 patients at ICU admission. (A) Area Under the Receiver Operating Characteristics curve (AUC) calculated on the training dataset of 216 patients and the independent test set of 93 critically ill COVID-19 patients using the 9-mRNA panel along with the age at their admission in ICU. The 95% confidence interval (grey) is calculated using bootstrap with 1000 repetitions. (B) Probability of 28-day mortality from linear SVM model trained on 9-gene panel (left) and 9-gene panel combined with age (right) on the entire cohort (n=309) of patients and healthy donors (n=49). p-values were generated using a Mann-Whitney-Wilcoxon test between survivors and non-survivors.






4 Discussion

Clinical presentation of COVID-19 ranges from asymptomatic, mild infection to severe cases with acute respiratory distress syndrome, respiratory failure and, ultimately, death. It is now well established that immune alterations play a pivotal role in determining the severity of the disease course (15). Finding effective patient-tailored care management for COVID-19 patients that take into account their immune status is key to lessening the clinical burden and improve prognosis (16). Different approaches have been used to characterize the immune status in COVID-19 patients at the protein (circulating cytokines and/or other biomarkers), cellular (characterization of the immune subsets and functionality) or RNA levels (bulk/single-cell RNA-seq in whole blood, respiratory fluids) (3, 5, 17–19). Many groups over the past 2 years have worked on the identification of risk factors for severe disease progression in order to identify patients at high-risk of evolving towards a severe outcome. Among illustrative examples, in a study combining ~50 clinical features and ~200 high-dimensionality immunological features, Mathew et al. previously reported three distinct immunotypes associated with COVID-19 severity (20). In an extensive immune assessment study combining cellular data accessed by flow cytometry, soluble immune markers (multiplex cytokine analysis), RNA expressions (Nanostring) and serology (ELISA), Laing et al. identified a core peripheral blood immune signature in COVID-19 patients, which could identify settings of immunopathology, correlate with disease severity and anticipate clinical progression (4). In another elegant work, Abers et al. established that longitudinal trajectories of 11 immune-based circulating biomarkers were substantially associated with mortality when increased (10) or decreased (1) providing additional evidence that immune-based biomarkers may provide an early warning of COVID-19 outcome (21). Transcriptomic approaches have shown that they could discriminate between distinct physio-pathological states of the COVID-19 (e.g paucisymptomatic, mild/moderate and severe) (22). Recently, a 6-gene signature was identified to predict COVID-19 mortality based on cohort explorative approaches (23).

However, to date, none is implemented in the standard bundle of care of patients. The IPP prototype tool measures immune-related markers that were pragmatically selected based on their known-documented function or prognostic significance with the aim to assess the immune status of sepsis patients in a multi-dimensional way (7), recently it was demonstrated to predict 30-day mortality in patients with sepsis (24). In addition, technically speaking, the IPP prototype device could be used with its dedicated measurement platform to provide results in less than an hour from whole blood. When compared to other devices used for transcriptomic analyses, the IPP tool presents with several advantages, as it does not require any specific technicity. It is easy to use as it works with whole blood directly instead of extracted RNAs. Thus, the IPP prototype device presents the potential, in the future, to be used as a very appropriate and practical tool for implementation at the bedside.

In this study, we showed that IPP captured immune response dysregulations induced by SARS-CoV-2 infection. For examples, monocyte alterations (CD74, CIITA mRNA), lymphopenia (CD3, IL7R mRNA), increased anti-inflammatory response (IL10, IL1RN mRNA), altered IFN response (OAS2, IFNG mRNA) were observed.

Most importantly, from this whole blood multiplex mRNA assessment, we reported that the IPP prototype resulted in prediction of 28-day survival with a sensitivity of 0.667 and specificity of 0.808. We found that 9 genes associated with 28-day mortality and using machine learning approaches. This 9-mRNA signature could be used to predict 28-day survival status. Among them, some were already known and described in the literature for their role in pathophysiology and/or association with mortality such as IL10, CD74, CTIIA, IL1R2, CD177 and C3AR1 (22, 25–28). For example, increased expressions of IL10, IL1R2 mRNA and decreased expression of CD74 and CIITA mRNA were described in monocytes of progressive COVID-19 patients compared with stable patients suggesting the acquisition of a regulatory phenotype by myeloid cells. In the same study, increased expression of IL1R2 was also observed in neutrophils (29). Regarding neutrophils, the increased expressions of CD177, IL1R2 and S100A9 in our study agree with the existing literature, which points towards the induction of a dysregulated neutrophil function in COVID-19 patients with increased NET production that aggravates the pathophysiology of COVID-19. Similarly, increased mRNA expression of IL10 was reported in regulatory T cells of severe COVID-19 patients suggesting a defective adaptive immune response (30). Saichi et al. reported that antigen-presenting cells from severe COVID-19 patients presented with defects in several antiviral processes among which a downregulation of MHC class II related genes was observed in both monocytes and dendritic cells (31). Thus, while we cannot discriminate the cell specific mRNA deregulation in our study, we believe that the current results are consistent with the literature and thus that the fully automated IPP transcriptomic solution can capture immune deregulation induced by COVID-19 in the most severe patients.

In addition, we observed that OAS2 was also associated with mortality and its expression level at admission was informative to build our 9-mRNA model. OAS2 is an interferon stimulated gene involved in interferon response, it was previously reported to be associated with COVID-19 severity (32). Nonetheless, the current literature is conflicting regarding the OAS2 role in the pathophysiology of COVID-19. Indeed, on the one hand, a haplotype in the region containing OAS2 has been described to be protective against severe COVID-19 (33). on the other hand, transcriptomic levels of OAS2 in PBMCs were found to be upregulated in severe cases of COVID-19 (34, 35). TDRD9 and ADGRE3 were chosen since they have been previously demonstrated to be part of the SRS1 signature in sepsis (36). In agreement, although their precise role in pathophysiology remains to be further explored, both mRNAs were found to be associated with 28-day mortality in COVID-19 critically ill patients.

Most importantly, beyond the individual predictive value of the 9 mRNAs, their combination, based on machine learning models, was found to be a robust indicator of 28-day mortality within an AUROC of 0.764. Previous studies have demonstrated that various combinations of clinical and biochemical parameters could be used to predict mortality in COVID-19 patients. In a work by Halasz et al., a machine learning approach that used 6 clinical and biochemical features resulted in mortality prediction with an AUROC of 0.78 [0.74-0.84] (37). Zhao et al. presented a model using 7 clinical and biochemical variables which resulted in mortality prediction with AUROC of 0.83 [0.73-0.92] consistent with our results (38). Using machine learning algorithms with an input of 21 clinical or biochemical variables, Banoei et al. presented an in-hospital mortality prediction with AUROC of 0.91-0.95 (39). Thus, we acknowledge that our transcriptomic-only based approach yields predictive metrics that are in the same ranges of other published approaches. However, we propose the use of a tool that captures the immune profile of a patient directly through processing blood samples without added laborious hands-on time and resource. In regard, none of the elegant transcriptomic-based machine learning models which were previously described to predict mortality in COVID-19 (21, 23) can be easily implemented at the patient´s bedside due to constraints with RNAs processing and standardization of the measures. Similarly, while demographic parameters such as age or clinical parameters such as the SOFA score can readily be obtained at patient admission, some other variables used to build models in the literature are not so easily accessed. Going further, with regards to risk factors largely described in COVID-19 and observed in our study, adding age in the model improved mortality prediction with an AUROC of 0.84. Implementation of the IPP prototype device, that could be considered for use in clinical routine, may help in rapidly identifying patients at higher risk of death in order to provide early aggressive intensive care.

Although patients were enrolled in 5 different ICU in university hospitals (multi-center study), all ICUs are located within the same city (Lyon, France). This constitutes the main limitation of this study. Results need thus to be confirmed in cohorts from other cities/countries.

In conclusion, we showed that the multiplex transcriptomic panel prototype termed Immune Profiling Panel (IPP) could capture the dysregulation of immune responses of ICU COVID-19 patients at admission. Nine transcripts were associated with mortality in univariate analysis and this 9-mRNA signature remained significantly associated with mortality in a multivariate analysis including usual clinical confounders. Upon clinical/analytical validation and clearance by regulatory agencies, such fully automated and standardized immune monitoring tool could be used in clinical routine settings to quickly identify patients with higher risk of death requiring thus early aggressive intensive care.
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SARS-CoV-2 infection causes a variety of physiological responses in the lung, and understanding how the expression of SARS-CoV-2 receptor, angiotensin-converting enzyme 2 (ACE2), and its proteolytic activator, transmembrane serine protease 2 (TMPRSS2), are affected in patients with underlying disease such as interstitial pneumonia will be important in considering COVID-19 progression. We examined the expression of ACE2 and TMPRSS2 in an induced usual interstitial pneumonia (iUIP) mouse model and patients with IPF as well as the changes in whole-lung ACE2 and TMPRSS2 expression under physiological conditions caused by viral infection. Histopathological and biochemical characteristics were analyzed using human specimens from patients with IPF and precision-cut lung slices (PCLS) from iUIP mouse model showing UIP with honeycombing and severe fibrosis after non-specific interstitial pneumonia. ACE2 expression decreased with acute lung inflammation and increased in the abnormal lung epithelium of the iUIP mouse model. ACE2 is also expressed in metaplastic epithelial cells. Poly(I:C), interferons, and cytokines associated with fibrosis decreased ACE2 expression in PCLS in the iUIP model. Hypoxia also decreases ACE2 via HIF1α in PCLS. Antifibrotic agent, nintedanib attenuates ACE2 expression in invasive epithelial cells. Patients with IPF are at a higher risk of SARS-CoV-2 infection due to the high expression of ACE2. However, ACE2 and TMPRSS2 expression is decreased by immune intermediaries, including interferons and cytokines that are associated with viral infection and upon administration of antifibrotic agents, suggesting that most of the viral infection-induced pathophysiological responses aid the development of resistance against SARS-CoV-2 infection.




Keywords: angiotensin converting enzyme 2 (ACE2), idiopathic pulmonary fibrosis (IPF), SARS-CoV-2, precision-cut lung slices (PCLS), transmembrane protease, serine 2 (TMPRSS2)



Introduction

A limited number of type II alveolar epithelial (AECII) and ciliated cells in pulmonary bronchi express angiotensin-converting enzyme 2 (ACE2). The transmission of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) involves ACE2, leading to coronavirus disease-19 (COVID-19) (1, 2). ACE2 catalyzes the conversion of the vasoconstrictor angiotensin II to the vasodilation peptide angiotensin 1–7. The imbalance between vasoconstriction and vasodilation through altered ACE2 expression is associated with hypertension and chronic pulmonary diseases such as idiopathic pulmonary fibrosis (IPF) (3–5). ACE2 regulates ACE-induced fibrosis in a reciprocal manner (6, 7). Transmembrane serine protease 2 (TMPRSS2), which proteolytically activates the SARS-CoV-2 spike protein, is also expressed in AECII and type I alveolar epithelial (AECI) and ciliated cells (8). TMPRSS2 cooperates with the internalization of SARS-CoV-2 into lung epithelial cells.

SARS-CoV-2 infection induces disease-associated bias in type 1-helper T cells. Interferon (IFN)-γ-producing T cells are a major source of various cytokines and chemokines, including IFNs (9). Considering the early pathogenesis of COVID-19, lung epithelial cells produce IFNs upon SARS-CoV-2 infection and subsequently induce the production of IFN-stimulated genes (ISGs) (2, 10). IFNs and poly(I:C) induce ACE2 in human upper airway basal and nasal epithelial cells (2, 11) in lung cancer cells but not in primary human differentiated bronchial cells (12). Interleukin (IL)-4 and IFN-γ/tumor necrosis factor (TNF)-α reduced Ace2 expression in Vero E6 cells, resulting in decreased SARS-CoV infection; thus, genetic regulation of ACE2 via cytokines appears to be cell type-dependent (13). A marked increase in ACE2 expression in patients with IPF predicts severe SARS-CoV-2 infection. ACE2 deficiency exacerbates bleomycin-induced lung fibrosis in mice and reduces inflammatory cytokines such as IL-6 and TNF-α (14, 15). ACE2 overexpression suppresses collagen production via hypoxia and attenuates pulmonary fibrosis (PF) formation (16). ACE2 inhibits cancer cell migration by reducing the activities of matrix metalloprotease (MMP) 2 and MMP9 (17). In addition, ACE and vascular endothelial growth factor A levels were also reduced via the angiotensin II type 1 receptor. ACE2 is protective against acute and chronic lung failure and fibrosis under hypoxic conditions (3). The COVID-19 cytokine storm, which results from the rapid production of pro-inflammatory cytokines such as IL-6, TNF-α, and IFN-γ, is correlated with an unfavorable outcome with immune dysregulation (18). Decreasing IFN-γ-producing T-cells appears to be critical for antibody production (9). As RNA viral infection sensor, toll-like receptors (TLRs) such as TLR3 and TLR7 were activated during SARS-CoV-2 infection (19). Poly(I:C) together with TGF-β induces MMP9 production via TLR3 (20, 21). IL-6 acts as a pro-fibrotic factor and stimulates collagen production in various cells, including fibroblasts, whereas IFN-γ causes a reduction in collagens and fibronectin as an antifibrotic agent (22, 23). Viral infection is a risk factor for exacerbating interstitial lung disease (ILD) (24). Worse outcomes have been reported in patients with COVID-19 and other underlying diseases (25, 26). As antifibrotic therapies for ILD or progressive fibrosing interstitial lung disease, pirfenidone and nintedanib are effective but have different pharmacological actions. Nintedanib has shown efficacy in the treatment of COVID-19 (27). These agents may be effective in the treatment of post-COVID lung fibrosis (28).

We developed an induced usual interstitial pneumonia (iUIP) mouse model (29). Bimodal fibrosis was also observed in this model. Primary fibrosis with severe acute inflammation was observed at weeks 2–4 during the non-specific interstitial pneumonia (NSIP) stage after BMS induction wherein bleomycin was mixed with an equal volume of microbubbles before sonoporation. Secondary fibrosis occurs at weeks 10–14 after BMS induction (UIP stage). Metaplastic epithelial conversion and honeycomb formation were observed at the UIP stage. Most metaplastic cells express secretoglobin family 1A member 1 (Scgb1a1), but not keratin 5 (Krt5). These cells produce a laminin-degrading product (γ2 proteolytic fragment, γ2PF) by disrupting the basement membrane and acquiring invasive properties (30). These invasive cells are distinct from lineage-negative epithelial stem/progenitor or basal cells, or hyperplastic AECII (31). The iUIP model is based on D1CC×D1BC transgenic mice, which develop inflammatory arthritis followed by ILD after immunization with low doses of arthritogenic antigen, hereafter termed the induced rheumatoid arthritis-associated interstitial lung disease (iRA-ILD) mouse model. The major histopathological features in the iRA-ILD model were similar to those of NSIP with inflammation, but with milder epithelial abnormalities than those in iUIP mice (32). The antifibrotic agent nintedanib ameliorated fibrosis and reduced the number of invasive epithelial cells.

Precision-lung cut slices (PCLS), an ex vivo tissue culture using lung sections, have been applied to various translational analyses (33). This technique was originally developed to analyze bronchoconstriction-induced effectors and has been applied to the evaluation of chemical toxicity (34). More recently, the lungs from conventional bleomycin-induced IPF models and human specimens have been used to evaluate fibrosis and the effects of therapeutic agents (35, 36). PCLS from bleomycin-treated animals were used to evaluate the therapeutic targets of IPF (37).

In this study, we examined the expression levels of ACE2 and TMPRSS2 in patients with IPF and iUIP mouse. We also investigated the effects of SARS-CoV-2 infection on various physiological conditions induced by IFNs, fibrosis-related cytokines, poly(I:C)-induced viral infection mimicry and hypoxia, using ex vivo cultures of PCLS from iUIP mice. Finally, we examined whether antifibrotic agents altered ACE2 expression in iUIP mice.



Materials and methods


Mice details and pirfenidone and nintedanib administration protocol

D1CC×D1BC tg mice bred on a DBA/1J background were housed in a pathogen-free animal care facility at Nagoya City University Medical School in accordance with institutional guidelines (38). iUIP mice were administered pirfenidone (3.6 mg/mouse/day, n = 8), nintedanib (1.8 mg/mouse/day, n = 10), or the vehicle (sterilized 0.5% of methylcellulose, Fujifilm-Wako, Tokyo, Japan, n = 9) orally daily from 6–14 weeks after BMS treatment.



BMS induction protocol

Bleomycin (0.512 mg/mL in normal saline, Nippon Kayaku) was mixed with an equal volume of microbubbles (Ultrasound Contrast Agent SV-25, NepaGene) and administered via the i.t. route using a spray nebulizer (40 µl/mouse, 1.28 mg/kg body weight, Natsume), prior to sonoporation on the chest by 1.0 W/cm2 for 1 min (Sonitron GTS Sonoporation System, NepaGene, BMS induction). IP induction was monitored by measuring serum SP-D levels.



Induction of inflammatory arthritis in iRA-ILD mouse model

Inflammatory polyarthritis followed by interstitial lung disease was induced as previously described (32). Briefly, mice were anesthetized with isoflurane and immunized with bColII (0.01 mg/mouse) with an equal volume of complete (1st) and incomplete (2nd–5th) Freund’s adjuvant. The first immunization was administered at 8–10 weeks after birth. Mice were monitored using joint scoring.



Human specimens

We analyzed lung biopsy specimens from three patients with IPF at Nagoya City University Graduate School of Medical Sciences. Lung controls were obtained from US Biomax (Derwood, MD, USA). The clinical features are presented in Supplementary Table 1.



In situ hybridization

Lungs were harvested at 0, 2, and 14 weeks after BMS induction for iUIP and at 43 weeks after the 1st bColII immunization for RA-ILD, fixed overnight in 4% paraformaldehyde diluted in PBS, and embedded in paraffin before 2 µm thick sections were cut. In situ hybridization for Scgb1a1, Sftpc, Krt5, Ace2, and Tmprss2 was performed using the RNAscope Multiplex Fluorescent Reagent Kit v2 (Advanced Cell Diagnostics, Newark, CA, USA) according to the manufacturer’s instructions.



Immunohistochemistry

For mouse lung immunohistochemistry, the deparaffinized sections were stained with the following primary antibodies: rabbit anti-E-cadherin and rabbit anti- MMP7 (Cell Signaling Technology, Danvers, MA, USA), rabbit anti-SP-C (Hycult Biotech, Uden, Netherlands), and ACE-2 (R&D Systems, Minneapolis, MN, USA). For human lung immunohistochemistry, deparaffinized sections were stained with the following primary antibodies: rabbit anti-E-cadherin (Cell Signaling Technology), rabbit anti-proSP-C (Merck, Darmstadt, Germany), rabbit anti-ACE-2 (R&D Systems), and mouse anti-Laminin γ2 N-terminal fragment (γ2pf, Funakoshi, Tokyo, Japan). Histofine simple stain mouse MAX-PO secondary antibodies (Nichirei, Tokyo, Japan) and the Opal multiplex fluorescent immunohistochemistry system (Akoya Biosciences, Marlborough, MA, USA) were used according to the manufacturer’s protocol. All the images were captured using a fluorescence microscope (BZ-X710; Keyence, Osaka, Japan). To calculate the percentage of Ace2+ cells in E-cadherin+ bronchioles or invasive epithelial cells from the UIP lungs of four mice, five images (200× magnification) were captured and the percentage of Ace2 positive cells was calculated by ImageJ Fiji.



PCLS preparation

Fresh lungs were isolated from iUIP and control mice under sterile conditions. Lungs were filled with 2% of low-melting agarose in HBSS (agarose: Sigma-Aldrich, Steinheim, Germany; HBSS; Thermo Fisher Sciences, Waltham, MA, USA; agarose solution was preincubated at 45°C before use). The whole carcass was chilled at 4°C for 10 min to allow gelling of the agarose. Each lobe was dissected and embedded in the 2% of low-melting agarose. The embedded lung was cut to a thickness of 300 μm using a vibratome (Compresstome ™ VF-300 OZ, Precisionary, Natick, MA, USA). Approximately 60 slices were collected from each mouse. All PCLS were cultured in DMEM/F12 (Sigma-Aldrich) media supplemented with 0.1% fetal bovine serum, 100 U/mL penicillin, 100 μg/mL streptomycin, and 2.5 µg/mL amphotericin for 24 h and frozen with CELLBANKER 1 (Zynogen Pharma, Fukushima, Japan) before use.



Ex vivo culture of PCLS

Ex vivo culture of PCLS was performed at 37°C in 5% CO2 for 96 h in the case of poly(I:C) and/or IFNs and for 120 h in the case of fibrosis cocktail. IFN-γ (100 ng/ml, Fujifilm-Wako), IFN-α2 (100 ng/ml, R&D Systems), and Poly(I:C) (10 ng/ml, Tocris, Bristol, UK) were used to simulate RNA virus infections, such as SARS-CoV-2. The fibrosis cocktail consisted of 10 ng/ml platelet-derived growth factor (PDGF)-BB (Fujifilm-Wako), 10 ng/mL TNF-α (Fujifilm-Wako), 5 ng/mL transforming growth factor-β (TGF-β) (R&D systems), and 5 µM lysophosphatidic acid (LPA) (Focus Biomolecules, Plymouth Meeting, PA) and was replenished at 48 and 96 h (35). The O2 concentrations for hypoxia and physioxia were used as 2 and 5%, respectively (39, 40). PCLSs were incubated under hypoxia, physioxia, and normaxia (21% O2) for 12, 24 and 48 h with or without Roxadustat (50 µM, Cayman, MI, USA) in hypoxia chamber (SV-140A, Blast, Tokyo).



Western blot

The following primary antibodies were used: goat anti-ACE-2 (R&D Systems) and rabbit anti-β-actin (Proteintech Group, Tokyo, Japan). ECL™ anti-rabbit IgG (GE Healthcare, Uppsala, Sweden) or anti-goat IgG (R&D Systems) horseradish peroxidase-linked antibodies were used as the secondary antibodies. Each signal was detected using ImmunoStar Zeta or ImmunoStar LD (Fujifilm Wako) and Amersham Imager 600 series (GE Healthcare). Statistical analysis of the expression levels of each protein was performed using ImageJ Fiji (41). All actual western blotting data are in Supplementary Figure 1.



Quantitative PCR analysis

Total RNA was extracted using the RNeasy Mini Kit (Qiagen, Hilden, Germany) for lung tissues and ReliaPrep RNA Tissue Miniprep System (Promega, Madison, WI, USA) for PCLS samples according to the manufacturer’s instructions. For qPCR, cDNA was synthesized using ReverTra Ace qPCR RT Master Mix with gDNA Remover (TOYOBO, Osaka, Japan). qPCR was performed using the PrimeTime Gene Expression Master Mix (Integrated DNA Technologies, Coralville, IA, USA). The relative expression of each gene was determined by an internal control using Hprt for each sample.



Statistical analyzes

The results are shown as mean ± standard error (SE). Differences between non-instillation (0 w) or vehicle, and the other groups were evaluated by one-way analysis of variance (ANOVA) followed by Student’s t test or Dunnett’s test for parametric data (Prism9, GraphPad). In the pirfenidone and nintedanib administration studies, statistical significance among data at UIP phase (14 weeks), 0 weeks, and at the time of drug administration were evaluated using one-way ANOVA followed by Dunnett’s test for parametric data (Prism9, GraphPad). Values of P < 0.05 were considered statistically significant.




Results


ACE2 is expressed in invasive epithelial cells of iUIP mouse

SARS-CoV-2 binds to ACE2, which is specifically expressed in AECII in the lungs. To assess the alteration of ACE2 in interstitial pneumonia, we performed in situ hybridization using the iUIP mouse model. In iUIP mice, bimodal fibrosis consisted of pulmonary fibrosis with inflammation (an NSIP stage, most sampling at week 2 after intratracheal instillation of bleomycin) and chronic fibrosis with less inflammation (a UIP stage, most sampling at week 14 after intratracheal instillation of bleomycin). The expression of ACE2 was limited mainly to surfactant protein C (Sftpc)+ AECII and bronchioles, such as ciliated cells (Figure 1A). The number of Ace2+/Sftpc+ cells decreased at the NSIP stage, and most Ace2+ cells were excluded from hyperplastic AECII (3). At the UIP stage, Ace2 expression increased dramatically and was distinguished from most cells expressing Sftpc alone (Figure 1A-3 and -4). Next, we examined the expression of Tmprss2 at both stages. While the expression of Tmprss2 was weak at week 0 and the NSIP stage, the levels of Tmprss2 and Ace2 increased in Scgb1a1+ invasive epithelial cells at the UIP stage (Figure 1B). Honeycomb-forming epithelial cells expressed Tmprss2 and Ace2, but some cells expressed Tmprss2 alone (Figure 1B, white arrow). The expression of Ace2 was also observed in invasive epithelial cells found in the iRA-ILD mouse model (Figure 1B). Some of these invasive epithelial cells expressed E-cadherin, MMP7, and ACE2, even at the protein level, at UIP stage (Figure 1C). Hyperplastic AECII, honeycomb structure, and E-cadherin+ invasive epithelial cells are typical pathologies of the UIP stage. Expression of the ACE2 protein was detected in honeycomb-forming epithelial cells and hyperplastic areas (Figure 1D). Approximately 20% of E-cadherin-positive cells expressed Ace2 (Figure 1E). Thus, aberrantly expressed-Ace2 was widely distributed throughout the lungs at this stage. Krt5+ basaloid cells are adjacent to invasive Scgb1a1+ ones. We examined whether Ace2 expression was excluded from Krt5+ basaloid cells. Ace2 expression was not detected in Krt5+ basaloid cells (Figure 1F).




Figure 1 | Ace2 expresses in AECII and epithelial cells with abnormalities. (A) In situ hybridization of Sftpc (green) and Ace2 (red), (B) Scgb1a1 (green), Ace2 (red), and Tmprss2 (white) in the lungs at week 0, the NSIP (2w), the UIP (14w) stages, and iRA-ILD. Red arrows indicate epithelial cells expressing Scgb1a1, Ace2, and Tmprss2. The white arrow indicates the inner cells of the honeycomb structure that express only Tmprss2. A-1 to-4 are enlarged images. (C) Immunohistochemical staining for E-cadherin (E-cad, green), ACE2 (red), and MMP7 (white) at week 0, the NSIP, and the UIP stages. (D) Immunohistochemical staining for E-cadherin (green), ACE2 (red), and SP-C (white) in the areas of hyperplastic AECII, honeycombing, and invasive epithelial cells at the UIP stage. (E) Percentage of Ace2+ cells in E-cadherin+ bronchioles or invasive cells at the UIP stage. Data are presented as mean ± SE of five images. (F) in situ hybridization of Scgb1a1 (green), Ace2 (red), and Krt5 (white) in the bronchiolar epithelium at week 0, the NSIP, and the UIP stages. Scale bars indicate 50 µm (white) and 20 µm (yellow).





ACE2 expression is low at the NSIP stage and high at the UIP stage

Next, qPCR was performed for Ace2, Tmprss2, and Il6 expression in whole-lung extracts of the iUIP model. Ace2 and Tmprss2 expression decreased at the NSIP stage (Figures 2A, B). On the other hand, Ace2 expression increased at the UIP stage more than week 0. In contrast, Il6 expression was inversely correlated with, rather than coincident with, Ace2 expression (Figures 2A–C). The expression of Ifng increased after bleomycin induction (Figure 2D); however, the expression of Ifna2 was not detected in qPCR (data not shown). The lungs at the UIP stage of the iUIP mice were studied under hypoxia. Endothelin-1 (Edn1) and angiotensin-converting enzyme (Ace), which act as a counterpart of vasoregulatory ACE2, were tested; Edn1 showed no increase either NSIP or UIP stage, whereas Ace decreased slightly at the UIP stage (Figures 2E, F). At the UIP stage, increased Ace2 expression was confirmed at the protein level (Figure 2G).




Figure 2 | Ace2 expression was increased at UIP stage. The expression of Ace2, Tmprss2, Il6, Ifng, Edn1, and Ace was determined by qPCR in the whole lung extract (A–F) and western blotting for ACE2 expression (G). Data are presented at week 0 as the controls and at the NSIP, and the UIP stages. Hprt and β-actin were used as the internal controls for qPCR and western blotting, respectively. Data are presented as mean ± SE of four to five mice at each stage. Asterisks indicate *P < 0.05, **P <0.01, compared with week 0. “ns” is not statistically significant.





ACE2 expression is elevated in IPF

Squamous metaplasia is often observed in patients with PF. These metaplastic epithelia were localized in the bronchioles, including honeycombing, and diffused into the lungs (Figure 3A). Since ACE2 expression was elevated in invasive epithelial cells at the UIP stage of the mouse model, we investigated whether ACE2 expression was observed in the bronchiolar epithelium with abnormalities in patients with IPF by qPCR. Most of these cells expressed ACE2, E-cadherin, and SP-C (Figure 3B). In contrast, SP-C-positive AECII expressed only ACE2 in the normal regions of the same specimens and in the control. Bronchiolar epithelial cells that acquire invasiveness feature increased laminin-5 expression, which is prognostically significant for lung cancer, and high levels of ACE2 expression have been reported in squamous carcinoma tissues (17). Thus, we examined whether γ2pf, as a cancer marker, is related to invasiveness and colocalizes with ACE2-positive cells in patients with IPF. A small number of ACE2/E-cadherin-positive diffused cells expressed γ2pf, suggesting that most of the ACE2-positive cells were not malignant (Figure 3C).




Figure 3 | ACE2 was detected in epithelial cells of patients with IPF. (A) Histopathology of human normal lung and IPF lung. Specimens were stained with hematoxylin and eosin. (B) Immunohistochemical staining for E-cadherin (green), ACE2 (red), and SP-C (white) in the honeycombing region and normal area of IPF lung or the control. (C) Immunohistochemical staining for E-cadherin (green), ACE2 (red), and γ2PF (white) in squamous hyperplasia and the control area. Scale bars indicate 50 µm (black or white).





Poly(I:C) and IFNs mixture reduced Ace2 expression

Ex vivo cultures of PCLS from iUIP mice were used to assess the biological response of whole lung tissue to extracellular effectors. The effects of poly(I:C) alone (mimicking SARS-CoV-2 infection) and poly(I:C)/IFN-α2 and -γ mixtures (as IFNs production after virus infection) in PCLS were examined by qPCR (Figure 4A). Poly(I:C) significantly increased Ifng expression at the UIP stage but not in Ifna2 (Figures 4B, C). The combination of poly(I:C) and IFNs mixture produced more IFN-γ. Lungs from the UIP stage were susceptible to poly(I:C) treatment. These effectors enhanced Il6 expression; however, there were no differences between the UIP stage and controls (Figure 4D). The antifibrotic effects of IFNs have been well studied. Indeed, poly(I:C) alone increased Mmp9 expression, but an additional IFN mixture downregulated Mmp9 expression (Figure 4E). Additionally, Col1a1 expression was strongly downregulated (Figure 4F). Under these conditions, poly(I:C) alone did not alter Ace2 expression, and the combination of poly(I:C) and IFNs did not increase Ace2 expression (Figure 4G). The expression of Tmprss2 was not altered (Figure 4H). These data suggest that Ace2 gene expression is regulated independently of viral infection and the subsequent cytokine storm.




Figure 4 | Poly(I:C) and the combination of poly(I:C) and INFs decreased Ace2 expression in ex vivo culture using PCLS qPCRs using ex vivo culture of PCLS treated with poly(I:C) and the combination of poly(I:C) and IFNs were performed. (A) Schematic diagram of the protocol using poly(I:C) and a combination of poly(I:C) and INFs in PCLS. (B–H) Fold changes in expression levels of each gene, Ifna2 (B), Ifng (C), Il6 (D), Mmp9 (E), Col1a1 (F), Ace2 (G), and Tmprss2 (H) at week 0 and the UIP stage. Hprt expression was used as an internal control for qPCR. Each bar represents the control (vehicle, white bar), poly(I:C) alone (red bars), poly(I:C), and the combination of poly(I:C) and IFNs (blue bars), respectively. Each mRNA was prepared from PCLS samples from each stage of the iUIP mouse model. Data are presented as mean ± SE of five to six mice. Asterisks indicate *P < 0.05, **P <0.01, compared with week 0. “ns” is not statistically significant.





Fibrosis cocktail decreased Ace2 expression

The PCLS is also a useful tool for assessing the severity of fibrosis. In a previous study, a mixture of TNF-α, TGF-β, PDGF-BB, and LPA was used as a fibrosis cocktail to enhance Col1a1 expression in PCLS (Figures 5A, B) (35). We examined whether Ace2 expression is altered under fibrotic conditions in PCLS. In the murine PCLS system, the fibrosis cocktail enhanced Col1a1 and Acta2 expression at the UIP stage compared with that of the controls. The findings from this experiment suggests that UIP lungs are more susceptible to the fibrosis cocktail than that of normal lungs, even though Il6 was the same in both samples (Figures 5B–D). Under these conditions, both Ace2 and Tmprss2 were downregulated by fibrosis cocktail treatment (Figures 5E, F). Next, we examined the effects of exposure to a mixture of poly(I:C) and IFNs and subsequent treatment with a fibrosis cocktail (Figure 5G). This sequential exposure had no effect on the decreased expression of Ace2 and Tmprss2 (Figures 5H, I).




Figure 5 | Fibrosis cocktail decreased Ace2 and Tmprss2 expression qPCRs using ex vivo culture of PCLS treated with fibrosis cocktail were performed. (A) Schematic diagram of the protocol for using a fibrosis cocktail in PCLS. (B–F) Fold changes in the expression levels of each gene, Col1a1 (B), Acta2 (C), Il6 (D), Ace2 (E), and Tmprss2 (F) at week 0 and the UIP stage. (G) Schematic diagram of the protocol using a fibrosis cocktail following the combination of poly(I:C) and IFNs in PCLS. (H, I) Fold changes in the expression levels of Ace2 (H) and Tmprss2 (I). Hprt expression was used as an internal control for qPCR. Each bar represents the vehicle (white bars) or fibrosis cocktail (green or orange bars). Each mRNA was prepared from PCLS samples from each stage of the iUIP mouse model. Data are presented as mean ± SE of five or seven mice. Asterisks indicate *P < 0.05, **P <0.01, ***P <0.001, compared with week 0. “ns” is not statistically significant.





Hypoxia decreased Ace2 expression

The overall lung condition in the UIP stage was relatively hypoxic (Supplementary Figure 2). Therefore, we examined whether hypoxia (2% O2) or physioxia (5% O2) alters the expression of Ace2 in PCLS (Figure 6A). Hypoxia decreased Ace2 expression at 24 and 48 h (Figure 6B). In contrast, Tmprss2 expression was increased after 48 h of hypoxia (Figure 6C). Under these conditions, Edn1 increased in a less oxygen-concentration-dependent manner (Figure 6D). Expression levels of Hif1a and Gapdh were increased under hypoxia (Supplementary Figures 3A, C). The hypoxia-inducible factor roxadustat inhibits prolyl hydroxylase (PHD), which stabilizes hypoxia inducible factor 1 subunit α (HIF1α) and induces gene transcription via HIF1α (Figure 6E). Thus, even under normoxia, roxadustat decreased Ace2 expression but had no effect on Tmprss2 (Figure 6F, G). Because roxadustat inhibits Ace and End1, it activates HIF1α but may have some side effects on gene regulation in the whole lung, including PCLS (Supplementary Figures 4A, C).




Figure 6 | Hypoxia decreased Ace2 expression qPCRs using ex vivo culture of PCLS at week 0 under hypoxia were performed. (A) Schematic diagram of protocol in PCLS under normoxia (21%), physioxia (5%), and hypoxia (2%). (B–D) Fold changes in the expression levels of each gene, Ace2 (B), Tmprss2 (C), and Edn1 (D). (E) Schematic diagram of the protocol using roxadustat, which is an HIF-α prolyl hydroxylase inhibitor, under normoxia in PCLS. (F–G) Fold changes in the expression levels of Ace2 (F) and Tmprss2 (G). Hprt expression was used as an internal control for qPCR. Each bar represents vehicle (white bars) and roxadustat (blue bars). Each mRNA was prepared from the PCLS samples after 12, 24, and 48 h of treatment. Data are presented as mean ± SE of five to six mice. Asterisks indicate *P < 0.05, **P <0.01, and ****P <0.0001 compared with week 0. “ns” is not statistically significant.





Antifibrotic agent, nintedanib decreased Ace2 expression

iUIP mice were treated with the antifibrotic agents pirfenidone and nintedanib, and levels of ACE2 in whole lungs were compared by western blotting, qPCR, and in situ hybridization (Figure 7A, schematic diagram of pirfenidone or nintedanib treatment). Nintedanib and pirfenidone treatment decreased type I collagen expression (Figures 7B, C, and western blotting photos in Figure 2E). ACE2 expression was reduced with nintedanib treatment but not with pirfenidone (Figures 7D, E, 2E). This nintedanib-induced decrease in Ace2 expression was also confirmed at the mRNA level (Figure 7F). In contrast, Ace expression was reduced at the UIP stage, suggesting that nintedanib restored the pulmonary blood pressure (Figure 7G). Nintedanib did not affect the expression of Tmprss2 (Figure 7H). Since Ace2 expression was increased in invasive epithelial cells at the UIP stage, we examined whether nintedanib reduced Ace2 expression in these cells using in situ hybridization. Nintedanib reduced Ace2 expression but not Tmprss2 expression (Figure 7I).




Figure 7 | Nintedanib attenuated the degree of Ace2 and Ace expression (A) Schematic diagram of protocol for the oral administration of nintedanib or pirfenidone. Both treatments were started from six weeks after BMS administration and were carried out daily for next eight weeks. (B–E) Western blotting was performed using protein extracts from each lung at week 0, the UIP stage, and the UIP stage with nintedanib (UIP+nintedanib) or pirfenidone (UIP+pirfenidone) treatments. (B, C) Nintedanib (B) and pirfenidone (C) decreased the expression of type I collagen at the UIP stage. (D, E) Nintedanib (D) decreased the expression of ACE2, whereas pirfenidone did not (E). Expression data from western blotting were normalized to β-actin expression levels. (F–H) qPCR were performed using whole lungs from each mouse. Fold changes in expression levels of Ace2 (F), Ace (G), and Tmprss2 (H). Hprt expression was used as an internal control of qPCR. (I) in situ hybridization of Scgb1a1 (green), Ace2 (red), and Tmprss2 (white) in the lungs from each mouse at week 0, the UIP stage, and the UIP+nintedanib. Data are presented as mean ± SE averaged over 4-5 mice. Asterisks indicate *P < 0.05, **P <0.01, and ***P <0.001 compared with week 0. “ns” is not statistically significant.






Discussion

We investigated whether patients with IPF are more susceptible to SARS-CoV-2 infection and whether subsequent virus-induced interferons and cytokines affected levels of ACE2 and TMPRSS2. ACE2 expression decreased with acute inflammation in the lung; however, it increased in the pulmonary epithelium with abnormalities in the iUIP mouse model. A similar pathological feature has been observed in patients with IPF. The combination of poly(I:C) and IFNs weakly decreased Ace2 expression and did not alter Tmprss2 expression in PCLS of the iUIP mouse model. Fibrosis-related cytokines suppress TMPRSS2 and elevate ACE2 expression. Thus, SARS-CoV-2 infection enhances host defense, leading to suppression of viral entry into pulmonary epithelial cells. Nintedanib also suppress the expression of ACE2 in invasive epithelial cells during the UIP stage. However, it did not alter TMPRSS2 expression.

Notably, the level of ACE2 in a conventional bleomycin mouse model was controversial in previous studies (3, 4). In most cases, upregulation of ACE2 is observed in isolated epithelial cells or cell lines, such as lung cancer cells (12). However, consistent with the data on overexpression and loss of function of ACE2, we concluded that acute inflammatory conditions, such as the NSIP stage, induced the downregulation of ACE2 expression (Figure 2). In contrast, in chronic diseases such as IPF, pulmonary hypertension is present due to decreased pulmonary vascularity and decreased cytokines/chemokines in the lung, which may upregulate ACE2 expression. As a result, vasodilation may be enhanced in patients with IPF. Severe capillary dysplasia is observed at the UIP stage of the iUIP mouse model (29). Hypoxia immediately induces ACE2 expression via a HIF-1α-independent pathway (42). The Subsequent HIF-1α expression increased ACE expression and reduced ACE2 expression by angiotensin II. Rather, hypoxia downregulated Ace2 expression immediately in PCLS (Figure 6). These events suggests that normoxia is rather persistent in the whole lung of IPF because of the elevated expression of ACE2 but downregulated ACE (Figures 1, 2). Furthermore, ACE2 works in opposition to ACE and may lead to vasodilation from vasoconstriction, either locally or throughout the lung, to ameliorate pulmonary hypertension due to poor angiogenesis (29, 43). In contrast, infection with SARS-CoV-2 results in the downregulation of ACE2, both by the production of the infection itself and by the subsequent production of cytokines and chemokines. This event abrogated the beneficial changes in the increased ACE2 expression in IPF, even though it reduced the number of SARS-CoV-2 receptors.

Previous studies have suggested that IFNs might increase ACE2 expression and render lung epithelial cells more infectious. Interestingly, poly(I:C) or a mixture of Poly(I:C) and IFNs (IFN-α2 and IFN-γ) significantly induced Ifng at UIP stage, but not at week 0. Even under presumed autocrine/paracrine-mediated positive feedback by IFN-γ, Ace2 expression was not induced, suggesting that IFN-γ and IFN-α2 have no potential to induce Ace2 in PCLSs. Col1a1 was also dramatically reduced by poly(I:C) and IFNs. Activation of TRL3 by poly(I:C) and subsequent IFNs functioned as an antifibrotic agent in the whole lung. Poly(I:C) and IFNs simultaneously enhanced Il6 expression. Therefore, IFN treatment may lead to a therapeutic approach as an anti-fibrosis agent if it can block the function of de novo IL-6; otherwise, it is less effective (44). Focusing on inflammation, we can see that IL-6 and ACE2 are reciprocal; however, further investigation is needed. These data suggest that SARS-CoV-2 is unlikely to spread via elevated ACE2 expression to promote viral entry into lungs after infection. Under such conditions, these factors exert an antifibrotic effect, at least for short periods of time, such as during acute inflammation. Recently, deltaACE2, a truncated form of ACE2 without a binding site for SARS-CoV-2 and enzymatic activity, was identified only in primates (45). Canonical ACE2 is not an IFN-stimulated gene (46). No activation of IFN or OAS-RNase L was observed in alveolar type 2-derived pluripotent stem cells by SARS-CoV-2 infection (47). In contrast, mimicking SARS-CoV-2 infection with poly(I:C) induced the expression of both IFNs and IL-6, which appeared to be similar to the situation in virus-infected lungs. Under these conditions, the effect of IFNs overcomes the fibrotic condition induced by Il6 (Figure 4). In fact, IFN-γ suppresses Col1a2 and Col1a1 expression (48). Since PCLS could respond to fibrosis cocktails and induce Il6 and Col1a1, we concluded that viral infections, such as SARS-CoV-2, strongly suppress fibrosis (Figure 5). Therefore, after SARS-CoV-2 infection, under normal conditions, at least two phases function: an antifibrotic effect by IFNs and a hypoinfectious state for SARS-CoV-2 due to decreased ACE2 expression.

Post-COVID-19, reducing the incidence of pulmonary fibrosis has become an urgent global issue. It will be interesting to determine the effects of pirfenidone and nintedanib in this regard. In the mouse model, there were no obvious changes after pirfenidone treatment, but nintedanib decreased Ace2 and increased Ace expression (Figure 6). This suggests a beneficial change in drug treatment for the disease. On the other hand, note that in the RA-ILD mouse model, there was no significant differences in gene expression with nintedanib treatment (49). Thus, nintedanib treatment induced a balanced host response to blood pressure in the lungs.

Using PCLS, we investigated the effect of viral infection on the entire lung. These results suggest that SARS-CoV-2 infection cannot directly and extensively promote viral entry into lung cells. Rather, severe capillary dysplasia is observed during the UIP stage of IPF, and ACE2 expression may increase to compensate for hypertension in the lungs. Thus, the decrease in ACE2 under viral infection may cause vasoconstriction rather than vasodilation, which may strain the blood vessels, especially capillaries. These results suggest that the lungs are resistant to further infection after the initial SARS-CoV-2 infection. However, SARS-CoV-2 infection may adversely affect blood vessels by reducing the expression of ACE2.
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Background

Coronavirus disease 2019 (COVID-19) caused by SARS-CoV-2 infection is associated with disorders affecting the peripheral and the central nervous system. A high number of patients develop post-COVID-19 syndrome with the persistence of a large spectrum of symptoms, including neurological, beyond 4 weeks after infection. Several potential mechanisms in the acute phase have been hypothesized, including damage of the blood-brain-barrier (BBB). We tested weather markers of BBB damage in association with markers of brain injury and systemic inflammation may help in identifying a blood signature for disease severity and neurological complications.



Methods

Blood biomarkers of BBB disruption (MMP-9, GFAP), neuronal damage (NFL) and systemic inflammation (PPIA, IL-10, TNFα) were measured in two COVID-19 patient cohorts with high disease severity (ICUCovid; n=79) and with neurological complications (NeuroCovid; n=78), and in two control groups free from COVID-19 history, healthy subjects (n=20) and patients with amyotrophic lateral sclerosis (ALS; n=51). Samples from COVID-19 patients were collected during the first and the second wave of COVID-19 pandemic in Lombardy, Italy. Evaluations were done at acute and chronic phases of the COVID-19 infection.



Results

Blood biomarkers of BBB disruption and neuronal damage are high in COVID-19 patients with levels similar to or higher than ALS. NeuroCovid patients display lower levels of the cytokine storm inducer PPIA but higher levels of MMP-9 than ICUCovid patients. There was evidence of different temporal dynamics in ICUCovid compared to NeuroCovid patients with PPIA and IL-10 showing the highest levels in ICUCovid patients at acute phase. On the contrary, MMP-9 was higher at acute phase in NeuroCovid patients, with a severity dependency in the long-term. We also found a clear severity dependency of NFL and GFAP levels, with deceased patients showing the highest levels.



Discussion

The overall picture points to an increased risk for neurological complications in association with high levels of biomarkers of BBB disruption. Our observations may provide hints for therapeutic approaches mitigating BBB disruption to reduce the neurological damage in the acute phase and potential dysfunction in the long-term.
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Introduction

SARS-CoV-2 infection is associated with neurological symptoms and complications that range from headache, anosmia and dysgeusia, to severe complications such as cerebrovascular events, encephalopathy, Guillain-Barré syndrome, and dementia-like syndrome (1). In addition, many COVID-19 patients develop a ‘post-COVID-19 syndrome’ defined as the persistence of a wide spectrum of symptoms beyond four weeks after infection (2). In symptomatic COVID-19 patients, a community-based study with over half a million people in the UK estimated that about one in three experienced at least one persistent symptom for 12 weeks or more (3). In a population-based study in Lombardy, the post-COVID-19 condition was associated with death, rehospitalization and use of health resources (4). Long-term neuropsychological impairments such as executive, attentional and memory deficits, are reported even after mild infection (5). While the exact causes of post-COVID-19 syndrome remain largely elusive, the prevalence of associated neurological symptoms with an increased risk of anxiety and depression at 16-month follow-up (6) suggests a brain origin (7, 8).

There is neurochemical evidence of neuronal injury in patients with COVID-19 (9, 10), with reports of a severity-dependent increase of neurofilament light chain (NFL) at 4-month follow-up, further supporting ongoing brain injury even weeks and months after acute infection (11). Not surprisingly, the neurological complications are associated with worse functional outcome, particularly in older subjects and those with comorbidities (12).

Hypotheses of pathogenic processes implicated in acute and delayed brain injury following a SARS-CoV-2 infection include: i) viral invasion, ii) bioenergy failure, iii) autoimmunity, and iv) innate neuroimmune responses (13). In all these processes the blood-brain barrier (BBB), which maintains the specialized microenvironment of the neural tissue by regulating the trafficking of substances between the blood and brain compartments, has a central role.

Brain endothelial cells are the primary unit in close association with pericytes and astrocytes (14). Pericytes, which are key cells in maintaining and supporting vascular homeostasis and barrier function (15), are also the main source of matrix metalloproteinase 9 (MMP-9) (16, 17). Inflammatory stimuli very rapidly activate MMP-9 at the pericyte somata, leading to degradation of the underlying tight junction complexes. Thus, MMP-9 can act as a toxic culprit of BBB disruption after acute (18, 19) and neurodegenerative diseases (20). Peptidyl prolyl cis-trans isomerase A (PPIA), also known as cyclophilin A, acts as an activator of MMP-9 (21, 22) through binding to its CD147 receptor, which in addition has been proposed as an alternative route for SARS-CoV-2 infection (23).

Mechanistically, it has been demonstrated that the severe COVID-19-related cytokine storm is induced by a “spike protein-CD147-PPIA signaling axis” (24). In vivo experiments using a preclinical mouse model indicated that an anti-CD147 antibody inhibited the cytokine storm of SARS-CoV-2 (24).

Astrocytic end-feet containing glial fibrillary acidic protein (GFAP) are an essential component of the BBB. High blood GFAP is a marker of structural damage in the acute phase of brain injury and a severity-dependent increase has been detected in COVID-19 patients (11, 25). These data highlight PPIA, MMP-9, and GFAP as key disease biomarkers, so their measurement in association with NFL, an established marker of brain injury, may help identify a blood signature for disease severity and neurological complications in COVID-19 patients (NeuroCovid).

We identified significant effects associated with SARS-CoV-2 infection in COVID-19 patients, with NeuroCovid subjects showing the highest levels of biomarkers associated with BBB disruption, while patients in the intensive care unit (ICUCovid) had higher levels of inflammatory response biomarkers.



Materials and methods


Study approval

The study was approved by the ethics committees of the clinical centers involved: Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico, Milano (approval #868_2020, 28.10.2020), ASST Papa Giovanni XXIII, Bergamo (approval #123/20, 14.05.2020). Written consent was obtained from patients themselves or their legal representatives when they lacked capacity to consent. Wherever possible, informed consent was collected verbally. However, in most cases, due to the patient’s inability to provide informed consent or to collect it in compliance with the contagion prevention measures, the principle of secondary use of data was used in accordance with art. 28, paragraph 2, letter b) of the November 20, 2017 law, no. 167, included in the legislative decree 196/03 of art. 110-bis.



Study populations

Two COVID-19 populations, referred to as ICUCovid and NeuroCovid, were recruited between February 2020 and February 2021. All participants received a positive PCR test for SARS-CoV-2 RNA on nasopharyngeal swab. Control groups free from COVID-19 history were patients with amyotrophic lateral sclerosis and a healthy population. Their main demographic and clinical characteristics are reported in Table 1.


Table 1 | Demographic and clinical characteristics of the patient cohorts.




ICUCovid

All patients admitted to the ICU, Rianimazione 1 Fiera Milano COVID-19 (Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico, Milan, Italy) were screened for eligibility. Inclusion criteria for this study population were: i) signed informed consent and ii) >18 years of age. Exclusion criteria were: i) known previous neurological conditions; ii) more than 48h in another ICU before admission; iii) pregnancy. Out of 296 screened patients, 79 were recruited for the study.



NeuroCovid

Patients admitted to the COVID-19 wards (ASST Papa Giovanni XXIII, Bergamo, Italy) with neurological manifestations confirmed by a neurological consultation/neurophysiological assessment/neuroradiologic investigation were recruited. Patients’ samples had been collected in an observational study on neurological manifestations in COVID-19 patients approved by the local Ethics Committee (257/2020, 13/5/2020) (26). The neurological diagnoses in this cohort are summarized in Table 2 and included peripheral neuropathies (33% of patients), encephalopathies/encephalitis (33%) and cerebrovascular disorders (23%). Inclusion criteria were: i) signed informed consent; ii) > 18 years of age; iii) cognitive or neurological symptoms presenting during COVID-19 hospitalization, for which a neurological consultation/neurophysiological assessment/neuroradiologic investigation was required; iv) blood samples available. Of the 137 NeuroCovid patients, 78 fitted these criteria and their samples were included in the study. Patients were stratified based on clinical outcome: discharged fully recovered (moderate), discharged with sequalae (severe), and deceased (dead).


Table 2 | Case definition for NeuroCovid cohort.





ALS patients and healthy controls

Informed written consent was obtained from all subjects involved and the study was approved by the ethics committee of Azienda Ospedaliero Universitaria Città della Salute e della Scienza, Turin. Healthy subjects and ALS patients had no COVID-19 history. The diagnosis of ALS was based on a detailed medical history and physical examination and confirmed by electrophysiological evaluation. Inclusion criteria for ALS patients were: i) >18 years old; ii) diagnosis of definite, probable or laboratory-supported probable ALS, according to revised El Escorial criteria. Exclusion criteria were: i) diabetes or severe inflammatory conditions; ii) active malignancy; iii) pregnancy or breast-feeding. ALS patients served as positive controls for severe neurodegeneration.




Study design

The study design is summarized in Figure 1. Two COVID-19 populations and ALS and healthy control groups were included (see Study Populations above). In the ICUCovid cohort, blood samples were drawn acutely at ICU admission (T0) and after 7 (T7) and 14 (T14) days. Clinical data were collected throughout the ICU stay and CT scans were done every two weeks when feasible. For the NeuroCovid cohort, the blood samples had initially been collected for clinical and not experimental purposes, so the samples available did not precisely match those collected in the ICUCovid cohort; therefore, we retrieved available samples from week 1 to week 2 in the ward (acute: T0-T14) and from longer timepoints (long-term: T15-T90). Clinical data were retrieved from medical records. Blood samples and clinical analyses were then done at the Istituto di Ricerche Farmacologiche Mario Negri IRCCS.




Figure 1 | Schematic workflow for the biomarker characterization in two cohorts of COVID-19 patients and two cohorts of controls (ALS and healthy). The two cohorts of COVID-19 patients analyzed in the study are COVID-19 patients admitted to the ICU ward Rianimazione 1 Fiera Milano COVID-19 (ICUCovid; n=79) and to COVID-19 wards ASST Papa Giovanni XXIII, Bergamo, with neurological complications (NeuroCovid; n=78). Blood samples were drawn acutely at ICU admission and after 7-14 days (T0-T14), and in the long-term between 15 and 90 days in the ward (T15-T90). Plasma samples were isolated and then analyzed for PPIA, MMP-9, GFAP, NFL, IL-10 and TNFα biomarkers. Control groups were ALS patients (n=51) and healthy subjects (n=20). Plasma samples were isolated and then analyzed for PPIA, MMP-9, GFAP and NFL.





Biomarker analysis

Bloods were processed at the contributing centers and plasma samples were aliquoted, cryopreserved at -80°C and shipped to the Istituto di Ricerche Farmacologiche Mario Negri IRCCS for biomarker analyses. Levels of NFL, GFAP, IL-10 and TNFα were measured using commercially available single molecule array assay kits on an SR-X Analyzer (Neuro 2-Plex B (#103520), interleukin-10 (IL-10) (#101643) and tumor necrosis factor (TNFα) (#101580) advantage kits) as described by the manufacturer (Quanterix, Billerica, MA). A single batch of reagents was used for each analyte. MMP-9 was measured with an AlphaLISA kit for the human protein (#AL3138, PerkinElmer). AlphaLISA signals were measured using an Ensight Multimode Plate Reader (PerkinElmer). PPIA was measured with an ELISA for the human protein (#RD191329200R, BioVendor).



Other laboratory data

Clinical and outcome data were retrieved from medical records for all patients.



Statistical analysis

For each variable the differences between experimental groups were analysed by a Mann Whitney test or Kruskall-Wallis test, followed by Dunn’s post-hoc tests. Two-way ANOVA for repeated measures followed by Sidak’s post-hoc test was used to analyse biomarkers in ICUCovid patients. P values below 0.05 were considered significant. Prism 8.0 (GraphPad Software Inc., San Diego, CA) was used.



Data availability

All data produced in the present study are available upon reasonable request to the authors.




Results


Blood biomarkers of BBB disruption and neuronal damage are high in COVID-19 patients with levels similar to or higher than in a severe neurodegenerative disease

PPIA, an inducer of MMP-9 (22) and cytokine storm (24), showed the highest levels in ICUCovid patients (Figure 2A), while MMP-9, which is strictly related to BBB disruption, is highest in NeuroCovid patients (Figure 2B). Both PPIA and MMP-9 in hospitalized COVID-19 patients are substantially higher than ALS patients, characterized by severe neurodegeneration, and healthy controls (Figures 2A, B). Plasma concentrations of GFAP were also high, irrespective of the neurological complications compared to healthy controls and were equal to or higher than the levels in ALS patients (Figure 2C). NFL has similar behavior, with the highest levels in NeuroCovid significantly higher than in ICUCovid patients (Figure 2D). These data suggest a clear neurological implication and call for a granular description of biomarker changes in these patient cohorts in relation to time and severity.




Figure 2 | Biomarkers comparison between COVID-19 and a neurodegenerative disorder. (A-D) PPIA (A), MMP-9 (B), GFAP (C), and NFL (D) concentrations were measured in plasma samples from ICUCovid patients (ICU n=79), NeuroCovid patients (n=78), ALS patients (PPIA n=50; MMP-9 n=51; GFAP and NFL n=34); and healthy controls (PPIA n=18; MMP-9 n=20; GFAP and NFL n=9). Violin plots indicate median, variability and probability density of biomarker concentrations. (A, B, D) Kruskal-Wallis, p < 0.0001; (C) Kruskal-Wallis, p = 0.0003. (A-D) *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by Kruskal-Wallis, Dunn’s post hoc test.





NeuroCovid patients have lower levels of the cytokine storm inducer PPIA but higher levels of BBB disruption markers

We characterized the severity-dependent changes and temporal dynamics of PPIA, MMP-9, GFAP and NFL in ICUCovid and NeuroCovid patients. In the acute phase, ICUCovid patients had higher PPIA levels than NeuroCovid patients (Figure 3A). Among ICUCovid patients, a slight temporal increase was observed in the deceased group, leading to higher PPIA levels at 14 days than in alive patients (T14, Figure 3B). NeuroCovid patients showed no severity dependency in the acute and the longer phases (Figures 3C, D). In the acute phase, ICUCovid patients had lower MMP-9 levels than NeuroCovid patients (Figure 3E). In the ICUCovid cohort, there was a slight decrease over the first two weeks in alive patients, leading to significantly lower levels on day 14 compared to deceased patients (T14, Figure 3F). In the NeuroCovid cohort, MMP-9 levels were similarly high in alive and deceased patients in the acute phase, while in the longer term they showed severity dependency (Figures 3G, H).




Figure 3 | Analysis of PPIA and MMP-9 in plasma of two cohorts of COVID-19 patients. (A-H) PPIA (A-D) and MMP-9 (E-H) concentrations were measured respectively by ELISA and AlphaLISA technology in plasma samples from two cohorts of COVID-19 patients. (A, E) Violin plots indicate the median, variability and probability density of PPIA (A) and MMP-9 (E) at acute phase, in ICUCovid (n=79) and NeuroCovid samples (n=31). Dotted line indicates the mean level of healthy controls. (A, E) Mann Whitney, ****p < 0.0001. (B, F) The concentrations of PPIA (B) and MMP-9 (F) were measured in ICUCovid patients over time, at ICU admission (T0) and after 7 (T7) and 14 days (T14). ICUCovid patients were stratified as alive (n=32) and dead (n=14). Data (mean ± SEM) indicate biomarker concentrations. (B) Two-way ANOVA for repeated measures, p = 0.0248; (F) two-way ANOVA for repeated measures, p = 0.0197. (C, G) The concentrations of PPIA (C) and MMP-9 (G) were measured at acute phase, in samples from NeuroCovid patients, stratified as alive (n=23) and dead (n=8). Violin plots indicate median, variability and probability density of biomarker concentrations. (C) Mann Whitney, p = 0.3966; (G) Mann Whitney, p = 0.5498. (D, H) The concentrations of PPIA (D) and MMP-9 (H) in the long-term, in samples from NeuroCovid patients, stratified as moderate (n=18), severe (n=42) and dead (n=8). Violin plots indicate median, variability and probability density of biomarker concentrations. (D) Kruskal-Wallis, p = 0.1175. (H) Kruskal-Wallis, p = 0.0048; *p < 0.05, **p < 0.01 by Kruskal-Wallis, Dunn’s post hoc test.



In the acute phase, GFAP levels did not differ between groups (Figure 4A). The longitudinal trajectories in ICUCovid patients showed an increase only in deceased patients, with the highest difference at admission (T0, Figure 4B). NeuroCovid patients displayed a high heterogeneity in GFAP levels in the acute phase (Figure 4A). This is due to GFAP severity dependency, significant in the acute phase and as a tendency in the long-term (Figures 4C, D).




Figure 4 | Analysis of GFAP and NFL in plasma of two cohorts of COVID-19 patients. (A-H) GFAP (A-D) and NFL (E-H) concentrations were measured by Simoa technology in plasma samples from two cohorts of COVID-19 patients. (A, E) Violin plots represent the median, variability and probability density of GFAP (A) and NFL (E) at acute phase, in ICUCovid (n=79) and NeuroCovid samples (n=31). Dotted line indicates the mean level of healthy controls. (A) Mann Whitney, p = 0.7910; (E) Mann Whitney, p = 0.7054. (B, F) The concentrations of GFAP (B) and NFL (F) were measured in ICUCovid patients over time, at ICU admission (T0) and after 7 (T7) and 14 days (T14). ICUCovid patients were stratified as alive (n=32) and dead (n=14). Data (mean ± SEM) indicate biomarker concentrations. (B) Two-way ANOVA for repeated measures, p = 0.0477; **p < 0.005 alive versus dead at T0 by Sidak’s post hoc test; (F) Two-way ANOVA for repeated measures, p = 0.0073; ***p < 0.001 alive versus dead at T14 by Sidak’s post hoc test. (C, G) The concentrations of GFAP (C) and NFL (G) were measured at acute phase, in samples from NeuroCovid patients, stratified as alive (n=23) and dead (n=8). Violin plots indicate median, variability and probability density of biomarker concentrations. (C) Mann Whitney, **p = 0.0088; (G) Mann Whitney, p = 0.2868. (D, H) The concentrations of GFAP (D) and NFL (H) in long-term samples from NeuroCovid patients, stratified as moderate (n=18), severe (n=42) and dead (n=8). Violin plots indicate median, variability and probability density of biomarker concentrations. (D) Kruskal-Wallis, p = 0.0570; (H) Kruskal-Wallis, p < 0.0001. ***p < 0.001 by Dunn’s post hoc test.



In the acute phase, ICUCovid patients showed NFL levels like NeuroCovid patients (Figure 4E). The trajectories of live and death ICUCovid cohorts highlight a steep increase in NLF levels over the first two weeks, reaching the highest value for deceased patients at 14 days from ICU admission (T14, Figure 4F). While in the acute phase live and dead NeuroCovid patients have similar NFL levels (Figure 4G), in the long-term NFL levels showed a clear severity dependency (Figure 4H).

Inflammatory markers of systemic immune response, including IL-10 and TNFα, were also measured. In the acute phase, IL-10 levels were highest in ICUCovid compared to NeuroCovid patients (Figure 5A), with a clear increase in ICUCovid deceased patients at day 14 (T14, Figure 5B). Within the NeuroCovid cohort, IL-10 levels were similar in alive and deceased patients (Figure 5C). In the long-term, however, severity dependency was observed (Figure 5D).




Figure 5 | IL-10 and TNFα in plasma of two cohorts of COVID-19 patients. (A-H) IL-10 (A-D) and TNFα (E-H) concentrations were measured by Simoa technology in plasma from two cohorts of COVID-19 patients. (A, E) Violin plots of IL-10 (A) and TNFα (E) in the acute phase, in ICUCovid (n=79) and NeuroCovid samples (n=31). (A) Mann Whitney, ***p < 0.001. (E) Mann Whitney, p = 0.085. (B, F) IL-10 (B) and TNFα (F) were measured in ICUCovid patients at ICU admission (T0) and after 7 (T7) and 14 days (T14). ICUCovid patients were stratified as alive (n=32) or dead (n=14). Data (mean ± SEM) indicate biomarker concentrations. (B) Two-way ANOVA for repeated measures, p < 0.01 for cohort factor; **p < 0.005 alive versus dead at T14 by Sidak’s post hoc test. (F) Two-way ANOVA for repeated measures, p = 0.4709. (C, G) IL-10 (C) and TNFα (G) were measured in the acute phase in samples from NeuroCovid patients, stratified as alive (n=23) or dead (n=8). (C) Mann Whitney, p = 0.6652; (G) Mann Whitney, p = 0.5498. (D, H) The concentrations of IL-10 (D) and TNFα (H) at a longer time, in samples from NeuroCovid patients, stratified as moderate (n=18), severe (n=42) or dead (n=8). (D) Kruskal-Wallis, p < 0.0001; ***p < 0.001 by Kruskal-Wallis, Dunn’s post hoc test. (H) Kruskal-Wallis, p < 0.01; *p < 0.05, **p < 0.01 by Kruskal-Wallis, Dunn’s post hoc test.



In the acute phase, TNFα levels did not differ between ICUCovid and NeuroCovid patients (Figure 5E) and within ICUCovid cohort there were no temporal changes in alive and deceased patients up to day 14 (T14, Figure 5F). In the NeuroCovid cohort, acute TNFα levels were similar in alive and deceased patients (Figure 5G). In the long-term, however, NeuroCovid patients showed a significant severity dependency (Figure 5H).




Discussion

This study examined the effects of SARS-CoV-2 infection on blood biomarkers of BBB disruption, neuronal damage and systemic inflammation by longitudinally monitoring two patient cohorts of COVID-19, with increasing disease severity and neurological complications. Blood biomarkers of BBB disruption were elevated in COVID-19 patients with levels comparable to or even higher than in ALS patients, pointing to neurological implications over a range of disease severities.

There was evidence of different temporal dynamics in ICUCovid compared to NeuroCovid patients with PPIA, the potent activator of the cytokine storm and MMP-9 inducer, and IL-10, the master regulator of immunity to infection, with the highest levels in ICUCovid patients in the acute phase (Figure 6). In contrast, MMP-9 was significantly higher in the acute phase in NeuroCovid patients, with severity dependency in the longer term. In line with previous findings, we found also clear severity dependency of NFL and GFAP levels with the highest levels in deceased patients, and severe NeuroCovid patients showing a tendency to maintain higher values than moderate patients in the longer term.




Figure 6 | Highlights of the results. The effect of SARS-CoV-2 infection on blood biomarkers of BBB disruption (MMP-9, GFAP), neuronal damage (NFL) and systemic inflammation (PPIA, IL-10, TNFα) was measured in patient cohorts with high disease severity (ICUCovid) and with neurological complications (NeuroCovid). There were higher levels of PPIA and IL-10 in ICU compared to NeuroCovid patients, while MMP-9 was significantly higher in NeuroCovid patients. Over-activation of MMP-9 may lead to degradation of tight junctions (TJ), basement membrane (BM) and laminin, implying BBB disruption, penetration of SARS-CoV-2 into the brain and neuronal damage. Blood biomarkers of BBB disruption and neuronal damage were elevated in all COVID-19 patients suggesting potential neurological dysfunctions in the long-term, over a range of disease severities. Figure created with BioRender.com.



PPIA is a foldase and a molecular chaperone with multiple functions and substrates, including viral proteins essential for coronavirus replication (30). PPIA is a major target of redox regulation in activated lymphocytes (31, 32). Under stress conditions PPIA is secreted extracellularly by several types of cells, including pericytes, vascular smooth muscle cells and macrophages, behaving as a pro-inflammatory cytokine, with potent chemotactic activity toward leukocytes (21, 33, 34). Through the interaction with its CD147 receptor, in a NF-κB-dependent pathway, PPIA is an inducer of MMP-9 and of pro-inflammatory cytokines and chemokines (22, 35). High levels of PPIA have been seen in biofluids of several conditions associated with inflammation, including neurological and cardiovascular diseases (22, 36). Interestingly, high plasma concentrations of PPIA have also recently been reported in COVID-19 patients with mechanistic evidence for its involvement in the induction of the cytokine storm by activating CD147 (24).

A growing body of clinical data suggests that the cytokine storm is associated with COVID-19 severity, ICU admission, and is a crucial cause of death (37). In agreement with this, our ICUCovid patients had PPIA concentrations substantially higher than NeuroCovid patients. Also noteworthy is the extremely high PPIA plasma concentration in all COVID-19 patients. This may be linked to its up-regulation upon interaction of SARS-CoV-2 with CD147, as observed in animal models (24), and may favor viral replication (30, 38). Similarly, MMP-9 was very high in all COVID-19 patients. However, NeuroCovid patients had the highest levels of MMP-9 in the acute phase, with persistent high levels in most severe patients in the long-term. MMP-9 is a metalloproteinase with a wide substrate spectrum and is an important mechanism for fine-tuning cellular processes, but if aberrantly activated it is a key factor in BBB disruption and neuronal damage, by degrading tight junction proteins and laminin (18–20). MMP-9 can be induced by inflammatory signaling cascades with CD147 acting as the major upstream inducer in the CNS (39). CD147 is highly expressed in the brain capillary endothelium and various sub-regions of the brain (40). Brain pericytes are the main source of MMP-9 at the neurovascular unit and it is rapidly released in response to inflammatory stimuli (16, 17). It has also been demonstrated in vitro and in vivo that SARS-CoV-2 can infect the brain microvascular endothelial cells and cross the BBB by MMP-9-mediated disruption of basement membrane (41). Therefore, one can hypothesize that a local, early high MMP-9 concentration at the neurovascular unit in NeuroCovid patients, rather than extensive systemic inflammation as in ICUCovid patients, may be responsible for the BBB disruption that triggers neurological complications following SARS-CoV-2 infection.

Astrocytic end feet cover more than 99% of the neurovascular surface and directly affect BBB permeability (42). GFAP is a highly expressed protein of the CNS, almost exclusively in astrocytes. In neuropathological conditions, GFAP is released into the bloodstream either by direct venous drainage or through a compromised BBB (43). Blood GFAP can therefore serve as a useful biomarker and prognostic tool for numerous neurological conditions (25).

While classically considered a marker of astrogliosis, the presence of glial-derived proteins in peripheral body fluids has been suggested as indicating BBB disruption in acute CNS injury (44). In the case of traumatic brain injury, it has been recently suggested that high blood GFAP concentrations might reflect damage to astrocytic end feet enveloping the BBB, thus releasing GFAP directly into the blood when the BBB is injured (45). Elevated GFAP plasma levels have been reported in COVID-19 patients (10, 45) and were in line with neuropathological data indicating post-mortem evidence of BBB disruption and gliosis (46). In accordance with this, here we report high GFAP levels in a severity-dependent manner, with significantly higher levels at acute timepoints in deceased patients. GFAP only tended to be higher in NeuroCovid patients than in ICUCovid patients. However, the NeuroCovid cohort included several patients with Guillain-Barré syndrome in which blood-nerve-barrier (BNB) disruption is a key step (47). BNB lacks astrocytes and glia limitans, so the detection of barrier damage through GFAP in these cases is underestimated. Maladaptive microglia and monocyte activation may also exert a detrimental effect on BBB function and integrity in COVID-19 (14). Interestingly, a recent publication has shown that microglia−derived chemokine MCP-1 (also known as CCL2) seems to have a major role in neocortex neuroinflammation and BBB disruption in a mouse model of autoimmune encephalomyelitis (48). Moreover, high blood MCP-1 levels have been associated with disease severity and mortality in COVID-19 (49). Although not measured in our study, longitudinal analyses of MCP-1 in plasma and CSF of COVID-19 patients and correlation with neurological symptoms will shed light on this aspect in future studies.

NFL is an established marker of axonal injury (50). Although axonal degeneration is not a specific feature of ALS, NFL is considered its most characteristic biomarker since its concentration is higher than in any other neurological disease (51, 52). This may be because neurofilaments are abundantly expressed in the large myelinated axons involved in the degenerative process, which is particularly fast and severe in ALS compared to other diseases. The only other condition in which the NFL plasma concentration is as high as in ALS is HIV-associated dementia (HAD) (53). Interestingly, it seems that HIV-related CNS degeneration starts during primary infection and continues during subsequent stages of the disease. However, CSF NFL levels in primary infection are associated with CNS immune activation and BBB disruption but are not accompanied by high CSF total tau and low amyloid beta peptides, as in subjects with HAD (54). This indicates that this early neuronal injury is less severe and/or involves a different mechanism and can in fact be halted by antiretroviral therapy (55). Plasma NFL levels were high in all COVID-19 patients, with NeuroCovid patients reaching the same high levels as in HAD (53). Although the overall picture points to an increased risk for neurological dysfunctions in the long-term, the mechanism and extent to which acute axonal damage, in combination with systemic inflammation and BBB disruption, can predispose to neurodegeneration calls for further investigation.

Our observations may provide hints for a preventive approach. Should further evidence confirm that the neuronal damage found is secondary to, or exacerbated by, BBB disruption, therapies reducing BBB damage could serve as a valuable aid in attenuating the neurological damage in the acute phase and potential dysfunction in the longer term. Interestingly, MMP-9 stands as a druggable target since a set of potent MMPs inhibitors are already available for clinical use (56), furthermore drugs targeting the PPIA-CD147-MMP-9 signaling pathway are also under investigation. A PPIA inhibitor, cyclosporine A (CsA), a well-known immunosuppressive drug, and Meplazumab, an anti-CD147 monoclonal antibody, are being assessed in clinical trials up to phase 2/3 (NCT05113784) for the treatment of severe COVID-19 (57). There are some indications from observational studies of milder COVID-19 and lower mortality in solid organ transplant recipients and autoimmune disease patients under CsA treatment (58). Last, there is evidence that Annexin A1, an endogenous molecule endowed with resolving/protecting action on tight junctions, may have therapeutic potential in restoring cerebrovascular damage and BBB disruption in neurodegenerative diseases and metabolic disorders (59). Indeed, human recombinant annexin A1 has been recently shown to restore BBB integrity and reduce the expression and activity of MMP-9 in brain microvessels when administered in an experimental model of metabolic diabetic disorder (60). Thus, also Annexin A1 could be a therapeutic avenue for COVID-19 to explore in future studies.

There are limitations in this study that should be highlighted. First, neurocognitive assessment in these cohorts of patients was not performed, thus the question as to whether BBB biomarker changes may predict late cognitive dysfunction is still open and should be addressed in future studies. 13% NeuroCOVID patients had a known history of mild cognitive impairment possibly contributing to the altered neurologic state observed in the acute phase. However, in these patients acute NFL levels were comparable to or even lower than the other patients in the NeuroCovid group, making it unlikely that an already altered CNS homeostasis was the cause of the biomarker changes. Notably, in the ICU cohort there were no patients with pre-existing neurological conditions thus reinforcing the finding that COVID-19 per se may induce markers of BBB disruption and neurological damage. Last, patients in our study were recruited before the vaccination campaign. Although there is increasing evidence that COVID-19 vaccination may have a protective effect against the post-COVID-19 syndrome (61, 62), this aspect has not been fully explored, calling for follow-up studies to monitor distinct long-term consequences in vaccinated and non-vaccinated subjects.

Despite these caveats, our study may provide hints for upcoming therapeutic approaches for COVID-19 mitigating at the same time BBB disruption and neurodegeneration to reduce the neurological damage in the acute phase and potential dysfunction in the long-term.
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Despite surviving a SARS-CoV-2 infection, some individuals experience an intense post-infectious Multisystem Inflammatory Syndrome (MIS) of uncertain etiology. Children with this syndrome (MIS-C) can experience a Kawasaki-like disease, but mechanisms in adults (MIS-A) are not clearly defined. Here we utilize a deep phenotyping approach to examine immunologic responses in an individual with MIS-A. Results are contextualized to healthy, convalescent, and acute COVID-19 patients. The findings reveal systemic inflammatory changes involving novel neutrophil and B-cell subsets, autoantibodies, complement, and hypercoagulability that are linked to systemic vascular dysfunction. This deep patient profiling generates new mechanistic insight into this rare clinical entity and provides potential insight into other post-infectious syndromes.
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Introduction

Despite low incidence of severe acute COVID-19 in healthy younger individuals, they are not completely spared. The most notable post-COVID-19 disease is referred to as Multisystem Inflammatory Syndrome in Children (MIS-C) characterized by an intense inflammatory disease affecting the heart, skin, and mucosal surfaces with onset weeks after primary infection (1, 2). A similar syndrome has been reported in case series of post-COVID-19 adults with marked multiorgan dysfunction including cardiac failure that spares the lungs, referred to as MIS-A (3). Five criteria have been proposed to define this condition (3) with updated criteria by the US CDC (4) and ongoing surveillance revealing hundreds of cases globally (5). Unlike the substantial body of literature on primary SARS-Cov2 infection, there is limited understanding of the mechanisms for late complications of COVID-19 in adults such as MIS-A. Little is known about the pathophysiology of MIS-A, but candidate pathways include cytokine storm, immune cell dysregulation, autoantibody production, vascular dysfunction, and immunothrombosis (6–10). The aim of the current study is to profile the immune response of a patient with MIS-A to reveal unique molecular and cellular mechanisms underlying this rare condition.



Post-COVID-19 MIS-A case report

A 38-year-old unvaccinated South Asian male presented to a tertiary care hospital complaining of a 4-day history of fever, abdominal pain, and diarrhea. The patient was previously healthy and had no known relevant family or psychosocial history. On exam he was noted to have a macular blanching skin rash on his torso and proximal extremities, bilateral non-purulent conjunctivitis, sore throat, and prominent non-exertional chest pressure associated with progressive shortness of breath (Figure 1A). In the emergency department he was febrile, hypotensive due to cardiogenic shock, and started on vasopressors to maintain systolic blood pressure and was eventually transferred to the Cardiac Care Unit (CCU) for cardiac support (Figure 1A, Supplementary Table 1).




Figure 1 | COVID-19 associated Multisystem Inflammatory Syndrome of Adults (MIS-A) is associated with critical illness, cytokine dysregulation and altered immune cell landscape. (A) MIS-A case outlining timeline of prior mild COVID-19 upper respiratory tract infection (URTI) and subsequent presentation of critical illness due to MIS-A with symptoms, treatments, and investigational sampling times (T=1 and T=2) highlighted. (B) A multi-disciplinary pre-existing COVID-19 investigational approach was utilized to investigate immune responses in this rare syndrome with relevant healthy and recovered COVID-19 controls. (C) Multiplex cytokine arrays (i) defined upregulated and down regulated cytokines, notably IL-10 and IP-10, and soluble cytokine receptors (ii) including sCD25 (IL2αR) as key markers of cytokine storm. (D) Single cell RNA seq (scRNAseq) immune cell annotation using the Azimuth database (i) with identification of cellular source (ii) identifying increased B cell and neutrophil populations in MIS-A.



Twenty-five days prior to presentation, the patient had several days of cough and sore throat without any other respiratory symptoms. Both the patient and household family members tested positive for SARS-CoV2 by RT-PCR of nasopharyngeal swabs. These symptoms had completely resolved for more than two weeks prior to the most recent presentation.

Initial laboratory investigations on admission revealed elevated inflammatory, renal, hepatic, and coagulation dysfunction markers (Supplementary Table 1). An echocardiogram showed severe biventricular heart failure. An initial chest Computed Tomography (CT) scan using a pulmonary embolism protocol was negative with remarkably normal lungs (Figure 1A). A SARS-CoV2 NP RT-PCR test was low positive (Ct-value >30) with the remainder of the respiratory viral pathogen panel negative. SARS-CoV2 serology to spike RBD and N proteins was strongly positive. The patient was presumptively diagnosed with myocarditis and potential acute coronary syndrome while being investigated for sepsis. He was started on aspirin, enoxaparin, and broad-spectrum antibiotics in consultation with cardiology and infectious diseases clinical teams.

While in CCU, he was slowly weaned off vasopressors but developed worsening leukocytosis with neutrophilia, renal failure with evidence of a procoagulant state (increased D-Dimer), further elevated inflammatory (C-reactive protein) and cardiac dysfunction (NT-proBNP and troponin) markers. He had continued diarrhea and severe abdominal pain leading to escalation of his antimicrobial therapy to meropenem. The rest of his infectious and autoimmune disease workups were negative aside from evidence of complement activation (low C3/C4 levels) (Supplementary Table 1). CT imaging of his head, neck, chest, and abdomen were normal. Eventually while still in CCU he had an indium white blood scan that did not show any active infection or inflammation (Supplementary Figure 1).

Given the constellation of extra-pulmonary systems involvement without respiratory disease, recent resolved SARS-CoV2 infection, and positive serology, he was diagnosed with COVID-19-associated MIS-A meeting all published criteria for the condition (3, 4). Antibiotics were stopped and 6mg of oral dexamethasone daily for 5 days was started. A repeat echocardiogram prior to discharge showed normal right and left ventricular function which was corroborated by cardiac MRI showing no signs of myocarditis (Supplementary Figure 1). The patient was discharged after 15 days, 10 of which were in the CCU.



Materials and methods

See supplemental Materials and Methods.



Results


MIS-A deep immune profiling

To better contextualize our findings, we compared both acute and convalescent blood samples from our MIS-A patient to three age-matched healthy and convalescent COVID-19 controls at similar time frames post infection (Supplementary Table 2 and Figure 1B, see Supplemental Materials and Methods) using a published precision medicine approach (11).

We first set out to establish the presence of ‘cytokine storm’ mediators reflecting a state of systemic inflammation. Analysis of >75 cytokines and soluble receptors highlighted 5-fold elevated levels of sCD25R, CTACK, I-309, IL-10 and IP-10 (CXCL10) in acute MIS-A as compared to healthy and convalescent controls (Figure 1C), the latter of which has been implicated in MIS-C (7). Our results contrast those in severe COVID-19 where IL-6, MCP-2 (CCL2), G-/GM-CSF, and IFN-γ are often high (12). Additionally, we found elevated circulating calprotectin (S100A8/9, MIS-A = 298 picogram/mL, all controls <14pg/mL) an ‘alarmin’ associated with neutrophils that has been found elevated in severe COVID-19 (13) and MIS-C patients (6).



scRNAseq reveals emergence of neutrophil and B cell subpopulations during MIS-A

We next utilized single-cell RNA sequencing (scRNAseq) to further delineate circulating immune cell alterations in MIS-A compared to healthy and COVID-19 convalescent controls (11). This revealed notable decreases in total numbers of T, NK, and mononuclear cells but increases in neutrophil and B-cell populations during acute MIS-A (Figures 1D). Global transcriptional changes during admission demonstrated differences in B cell, naïve CD4 T cells, and neutrophil populations which, aside from some sustained abnormalities in neutrophils, were largely resolved by day 30 in MIS-A (Supplementary Figure 3).

Neutrophil counts were strikingly elevated in MIS-A with increased immature neutrophil populations in clinical blood counts (Figure 2A). Consistent with this, peripheral blood smears demonstrated a large percentage of neutrophil progenitor cells including ‘band’ forms with features of metamyelocytes, and neutrophils with ‘toxic changes’ suggestive of activation and phagocytosis (Figures 2A, B and S4) not typically seen healthy individuals. scRNAseq analysis of total neutrophil populations revealed elevated markers of immaturity (MMP9), B cells (e.g. MZB1, Immunoglobulins, XBP1) and inflammation (CD177, CST7) (Figures 2D and S5). Unsupervised clustering of neutrophils from all scRNAseq samples identified six (‘0-5’) neutrophil subpopulations expressing common markers FCGR3B and CSF3R (Figures 2C–D). Clusters 0,1,5 were shared by all clinical groups but predominantly represented by healthy and convalescent patients (Figure 2C). In contrast, cluster 2-4 neutrophils were exclusive to MIS-A with 2 and 3 co-expressing immature neutrophil (MMP9), activation (CD177), and B cell markers (IGHA1 and XBP1) while cluster 4 had greater expression of IFN stimulated genes (ISGs) including IFIT2 and IFIT3 yet did not map to our previously identified PMN populations in severe COVID-19 (Figures 2D and S5, 6) (11).




Figure 2 | Immature, B-cell like, and ‘IFN’ neutrophil subpopulations emerge in MIS-A. (A) Total peripheral blood neutrophil (PMN) counts (i) transiently increase in MIS-A with concurrent increases in immature neutrophil populations (ii). (B) Morphologic assessment demonstrates ‘toxic’ changes in neutrophils with increased vacuolization and cytoplasmic irregularities (i) plus immature ‘band’ forms (ii). (C) scRNAseq analysis of all neutrophils identifies increases in neutrophils in MIS-A (i) with increases seen in three (2-4) of six (0-5) neutrophil subpopulations (ii). (D) Neutrophil mRNA expression by scRNAseq of classical neutrophil markers (FCGR3B, CSF3R), immature neutrophils (MMP9), B cells (IGHA1, XBP1), neutrophil activation (CD177), and interferon (IFN) stimulated genes (IFITM1 and 3, IFIT2-3).



We also found decreased total lymphocyte numbers during acute MIS-A but morphologically increased large granular lymphocytes (also known as ‘activated’ or ‘atypical’ lymphocytes) (Figures 3A, B and S7) which are rare in healthy controls. These atypical lymphocytes stained largely negative for T/NKT cell marker CD3 but positive for plasma/plasmablast (PB) markers CD79a and SDC1/CD138 (Figure 3C). Using scRNAseq we found typical B-cell populations in all groups but unique PB populations in MIS-A (Figures 3D and S8–10). PB subpopulations have been linked with rapid expansion, short survival (<1-2 weeks), and potentially damaging autoantibody production in human diseases including COVID-19 (14–16). Initially we noted three unique PB subpopulations by scRNAseq two of which were unique to MIS-A (Supplementary Figure 8). However, during scRNAseq quality control steps, we noticed that MIS-A uniquely had higher RNA and mitochondrial (MT) reads of >15%, typically considered ‘dead’ cells, and these MThi cells were >75% PBs (Figures 3E and S9), something we had not seen in our previous studies on acute critical COVID-19 (11). Unsupervised clustering including these MThi cells identified five PB clusters (‘0-5’) all of which were CD19, CD20 (MS4A1), and IgD-negative (data not shown) but positive for other immunoglobulins and B-cell markers. Four PB clusters were exclusive to MIS-A and three represented MThi populations (Figures 3E, F and S9, 10). These MIS-A-specific Ig-expressing PB subpopulations could be differentially identified by MT RNA content, proliferation (MKI67), and chemokine receptor (CXCR4/CCR7/CCR10) expression (Figures 3E, H and S9, 10).




Figure 3 | MIS-A is associated with lymphopenia but increased atypical lymphocytes, Plasmablast (PB) B cells and autoantibody production. (A) Lymphopenia in acute MIS-A on peripheral blood counts. (B) Emergence of atypical lymphocytes with increased cytoplasmic content (i) and less frequent observed but plasma cells (ii). (C) Staining of atypical lymphocytes demonstrate absence of T cell marker CD3 but presence of plasma/plasmablast markers CD79a and CD138 (red). (D) scRNAseq B-cell clustering using Azimuth reference database showing unknown but unique populations of plasmablasts (PB, purple). (E) Unsupervised clustering of scRNAseq plasmablasts shows increases in unique subpopulations with MIS-A. (F) Mitochrondrial (Mt) RNA content of PBs differentiates novel PB populations. (G) Proposed nomenclature for PB subsets based on top differentially expressed genes in PB subsets by scRNAseq. (H) Key PB genes (XBP1, PRDM1, CD38, CD27) and chemokine receptors (CCR2,7,10 and CXCR4) to differentiate PB subsets expressing Igs (see supplementary Supplementary Figure 9) and Mt RNA (panel F) in MIS-A and controls. (I) Serum auto-antibody reactivity to human cytokines from pooled normal healthy serum (NHS) and healthy (H2-4), acute severe COVID-19 (C1-5), MIS-A D1 and recovered COVID-19 (R1-6) patients versus known IFN-γ positive patient expressed as arbitrary units from assay. SCORE indicates an adjusted rank sum across each target to generate an autoimmunity ‘score’ for each patient. See methods for details.





MIS-A is linked to autoreactive antibody production, microvascular damage, and coagulation

To determine potential pathogenic consequences of PB dysfunction, we investigated SARS-CoV2 and autoreactive antibody production. This indicated elevated total IgA, SARS-CoV2 antibody responses, and broad autoreactivity to multiple cytokines and human cardiac microvascular endothelial cells (HCMEC) in MIS-A (Figures 3I and 4A). We found that in addition to autoantibody binding specifically to cardiac but not lung endothelium (Supplementary Figure 12), MIS-A plasma also resulted in classical complement deposition and HCMEC disruption in vitro (Figures 4A–D). However, only inhibition of coagulation using hirudin, heparin, or activated protein C but not blockade of complement activity prevented endothelial disruption (Figures 4C–E). Using a more physiologic 3D microvascular assay (17, 18), we found acute MIS-A more so than severe COVID-19 plasma caused microvascular leak and coagulation that was also inhibited by hirudin, heparin, or activated protein C (Figures 4F–I, S13, 14, and Movie S1). Exploration of plasma markers of vascular dysfunction confirmed evidence of endothelial damage (Endoglin, PECAM-1, Ang-2, sEsel, sICAM1), neutrophil activation (MPO, GDF-15), and thrombosis (vWF, D-Dimer, sPsel) in MIS-A plasma but not healthy or convalescent controls (Figure 4J).




Figure 4 | Microvascular dysfunction in MIS-A. (A) Primary human cardiac microvascular endothelial cells (HCMEC) untreated or treated for 30 minutes with MIS-A plasma and stained for nuclei, endothelial inflammatory markers (E-sel), complement (C3, C1s) and human IgG/A/M. (B) Quantitation of HCMEC staining from panel A including additional controls. (C) Quantitation of total endothelial cells (nuclei) as in panel A from control or MIS-A treated HCMEC pre-incubated with TNF-α (1ng/mL 18 hours) and or complement inhibitors, Compostatin (Comp) or C1 esterase inhibitor (C1-INH), as indicated. (D) Quantitation of total endothelial cells (nuclei) from control or MIS-A treated HCMEC pre-incubated with anti-coagulants heparin, hirudin, and activated protein C as indicated. (E) Representative images for C3 and H-IgG/A/M staining as in (D–F) 3D human microvascular model containing EGFP expressing human umbilical vein endothelial cells, normal human fibroblasts, and perfused with patient plasma containing Alexa 546-labeled fibrinogen. (G) Intra- and extra-vascular fibrin accumulation in healthy or MIS-A following 15-minute perfusion of patient plasma spiked with fibrinogen-Alexa546 (red) through microvascular networks (green). (H) Representative images of microvascular fibrinogen Alexa-546 accumulation in microvessels in response to MIS-A plasma for 15 minutes. (I) Quantitation fibrin accumulation as in B using patient plasma plus or minus addition of activated protein C (APC), heparin, or hirudin in comparison to healthy or fatal COVID-19 plasma. (J) Cytokine arrays from healthy controls (n=5) and acute vs convalescent MIS-A plasma (n=1 each) showing elevation in multiple vascular endothelial damage markers (Ang2, sEsel, THBD), neutrophil activation markers (MPO, NGAL) and pro-coagulants (D-Dimer, VWF, sPsel) as fold increase from healthy. (K) Summary of findings including emergence of plasmablast subsets, auto-antibody production, neutrophil activation, and thrombosis culminating in vascular damage in acute MIS-A. ns = nonsignificant, **p<0.01, ***p<0.001 by one-way ANOVA with post-hoc Tukey’s test. *p < 0.05 and ****p < 0.0001.






Discussion

Here we provide an in-depth immunologic analysis of an uncommon but severe late complication of COVID-19 predominantly in a young healthy male of non-Caucasian descent. Greater than 200 cases of MIS-A have now been reported with our patient being a prototypical severe case accompanied by elevated inflammatory markers (5). In contrast to MIS-C in children, MIS-A is often misdiagnosed or missed altogether in adults, which has led to difficulties in treating and examining the pathophysiology of the disease (19). Despite the syndromes striking clinical presentation, only a few case reports of MIS-A have investigated potential pathogenic features demonstrating evidence of cytokine dysregulation (‘cytokine storm’), and vascular inflammation including microvascular neutrophil accumulation and complement deposition within the heart consistent with a vasculitis (1, 20, 21). In potentially related pediatric MIS-C, cytokine dysregulation, anti-endothelial autoantibody production (6, 10, 22), and inborn errors of OAS and RNAse- L antiviral signaling (10) are known to occur in a subset of patients but the interplay between these proposed pathways, terminal effectors, and relevance to MIS-A are unclear.

During our analysis, we found evidence of multiple striking immune cell alterations in neutrophil and B cell subpopulations. To our knowledge, no other scRNAseq analysis of MIS-A exists. Parallel studies in MIS-C exist and identify plasmablast and neutrophil dysfunction (6) with others showing acute NK and T cell alterations (22), or compare responses of convalescent samples stimulated with potentially unrelated agonists (10). Our results are difficult to compare to MIS-C data given other studies using scRNAseq have used PBMCs that underrepresent neutrophil responses (11) and are also confounded by potential differences between pediatric and adult immune systems (23).

In MIS-A, we specifically identified increased immature neutrophil populations that appear to overlap somewhat with those in other disease states (11, 14, 15, 24). However, none of the overlap with previously reported neutrophil subsets was strong suggesting that although loose connections between neutrophil populations are present in different diseases, there remains significant plasticity in human neutrophil phenotypes in different disease states that is not easily reconciled even by scRNAseq. The most unexpected neutrophil difference in our study was the emergence of B-cell gene expression in neutrophils which has been seen in severe COVID-19 (14, 15). In conjunction with known rapid induction of and clearance of PBs including unique populations identified here, it is tempting to speculate that neutrophil subsets may be activating or clearing PBs in MIS-A and possibly other conditions. Confirming the presence and mechanisms of neutrophil-PB interactions in MIS-A may identify novel therapeutic targets for this and related conditions.



Conclusions

The pathological importance of potential neutrophil and B-cell dysregulation in MIS-A to date has remained unclear. The possibly overlapping syndrome of MIS-C suggests autoantibodies and neutrophil activation lead to damage of the vasculature (6). However, a terminal pathway downstream of neutrophil and B-cell activation driving vascular dysfunction in our hands appears to be microvascular coagulation (Figure 4K). This concept is supported by derangements in multiple coagulation markers from MIS-A plasma, most notably the common finding of elevated fibrin degradation products (D-dimer) (5). The process of coagulation in the context of inflammation and neutrophil activation is often referred to as immunothrombosis (25). It may be that MIS-A represents a complication from a delayed inflammatory phase of severe acute COVID-19 where IgA antibodies have been shown to cause neutrophil activation via release of neutrophil extracellular traps (NETs) (26). Our 2D and 3D in vitro assays suggest that anticoagulation using direct inhibitors of the coagulation cascade including heparin, hirudin, or activated protein C (APC) may be a way to prevent vascular dysfunction. APC is particularly intriguing because it also has potent vascular protective functions through the endothelial protein C receptor (EPCR), independent of anti-coagulant activity (27).



Limitations and future directions

Our study represents a single case of this rare condition and is therefore limited in its broad applicability but does provide a detailed roadmap for ongoing investigations of MIS-A and similar post-infectious conditions. These other conditions include MIS-C, Kawasaki disease, and even Long COVID-19, the latter of which our patient would have later fulfilled criteria for based on approximately six months of significant lingering fatigue, abdominal, and neurocognitive (‘brain fog’) symptoms. Our results demonstrate the presence of potentially novel human subpopulations of neutrophil and B cells that require further exploration in other cases of MIS-A and inflammatory conditions. Importantly, although we define differences in circulating numbers, morphologic features, and gene expression in these cells, all potential identifications by scRNAseq are proposed and do not imply functional properties. Utilization of cell surface markers are required to select and interrogate functional properties of these subpopulations. Important functional readouts to explore in subpopulations include PB cytokine and immunoglobulin production and neutrophil ROS, NET release, and degranulation. Ascertaining microvascular function in the heart and other organs of these patients would also be of benefit (28). Finally, clinical trials of proposed interventions, including anti-coagulation or APC, are desperately needed for this and other post-infectious syndromes.
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Purpose

This study was performed to determine the clinical biomarkers and cytokines that may be associated with disease progression and in-hospital mortality in a cohort of hospitalized patients with RT-PCR confirmed moderate to severe COVID-19 infection from October 2020 to September 2021, during the first wave of COVID-19 pandemic before the advent of vaccination.



Patients and methods

Clinical profile was obtained from the medical records. Laboratory parameters (complete blood count [CBC], albumin, LDH, CRP, ferritin, D-dimer, and procalcitonin) and serum concentrations of cytokines (IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-18, IFN-γ, IP-10, TNF-α) were measured on Days 0-3, 4-10, 11-14 and beyond Day 14 from the onset of illness. Regression analysis was done to determine the association of the clinical laboratory biomarkers and cytokines with the primary outcomes of disease progression and mortality. ROC curves were generated to determine the predictive performance of the cytokines.



Results

We included 400 hospitalized patients with COVID-19 infection, 69% had severe to critical COVID-19 on admission. Disease progression occurred in 139 (35%) patients, while 18% of the total cohort died (73 out of 400). High D-dimer >1 µg/mL (RR 3.5 95%CI 1.83–6.69), elevated LDH >359.5 U/L (RR 1.85 95%CI 1.05–3.25), lymphopenia (RR 1.91 95%CI 1.14–3.19), and hypoalbuminemia (RR 2.67, 95%CI 1.05–6.78) were significantly associated with disease progression. High D-dimer (RR 3.95, 95%CI 1.62–9.61) and high LDH (RR 5.43, 95%CI 2.39–12.37) were also significantly associated with increased risk of in-hospital mortality. Nonsurvivors had significantly higher IP-10 levels at 0 to 3, 4 to 10, and 11 to 14 days from illness onset (p<0.01), IL-6 levels at 0 to 3 days of illness (p=0.03) and IL-18 levels at days 11-14 of illness (p<0.001) compared to survivors. IP-10 had the best predictive performance for disease progression at days 0-3 (AUC 0.81, 95%CI: 0.68–0.95), followed by IL-6 at 11-14 days of illness (AUC 0.67, 95%CI: 0.61–0.73). IP-10 predicted mortality at 11-14 days of illness (AUC 0.77, 95%CI: 0.70–0.84), and IL-6 beyond 14 days of illness (AUC 0.75, 95%CI: 0.68–0.82).



Conclusion

Elevated D-dimer, elevated LDH, lymphopenia and hypoalbuminemia are prognostic markers of disease progression. High IP-10 and IL-6 within the 14 days of illness herald disease progression. Additionally, elevated D-dimer and LDH, high IP-10, IL-6 and IL-18 were also associated with mortality. Timely utilization of these biomarkers can guide clinical monitoring and management decisions for COVID-19 patients in the Philippines.
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1 Introduction

Coronavirus disease 2019 (COVID-19) has taken the world by storm prompting the World Health Organization (WHO) to declare it a pandemic last March 11, 2020. COVID-19 primarily presents as fever, cough, fatigue, and dyspnea, but the clinical presentation can vary, from asymptomatic infection to severe, life-threatening symptoms. Most patients infected with the SARS-CoV-2 experience mild symptoms or remain asymptomatic, while 15% have severe, life-threatening diseases (1). Disease progression has often been linked to acute respiratory distress syndrome (ARDS) and cytokine storm. Furthermore, patients with COVID-19 with comorbidities, such as hypertension, cardiovascular disease, diabetes mellitus, chronic obstructive pulmonary disease (COPD), asthma, and immunocompromising conditions such as human immunodeficiency virus (HIV) infection, chronic steroid use, and active malignancy, are more likely to develop a more severe course and progression of the disease (2, 3). Current evidence points to a dysregulated immune response to the virus causing these known syndromes in COVID-19. Laboratory parameters in COVID-19 also differ with disease severity. Recent meta-analyses have described various biomarkers, such as lymphopenia, thrombocytopenia, elevated procalcitonin (PCT), C-reactive protein (CRP), lactate dehydrogenase (LDH), aspartate aminotransferase (AST), alanine aminotransferase (ALT), serum amyloid A (SSA), D-dimer, ferritin, troponin, B-type natriuretic peptides, creatinine and blood urea nitrogen (BUN), and elevated cytokines, including IL-6, TNF-α, IFN-γ, IL-8, and IL-10, to be associated with worse clinical outcomes and mortality in COVID-19 (4–10).

Most deaths from COVID-19 are from severe and critical diseases. Hence, studies have investigated biomarkers that may be predictive of progression to severe disease and adverse outcomes as shown in Supplementary Table 1. Data from a large cohort of patients admitted to a tertiary COVID-19 referral center in the Philippines reported the following factors to be predictive of severe disease: increasing age, diabetes mellitus (DM), chronic kidney disease (CKD), chronic obstructive pulmonary disease (COPD), hypertension, coronary artery disease, or metabolic syndrome. Likewise, patients with severe disease had significantly higher LDH, ferritin, D-dimer, and CRP (11). With the massive effect of cytokines in the development of cytokine storms and other complications in COVID-19, its utility as a predictive biomarker has been explored by several studies. If proven useful, these cytokines would be helpful in early recognition and intervention before disease progression becomes uncontrollable. IL-6 has already been predicted as a useful biomarker in managing COVID-19. Elevations in IL-6 have commonly been reported in several studies and are strongly associated in severe and critically ill patients with an increased risk for ICU admission, respiratory failure, and overall poor prognosis (12–19). Moreover, C-reactive protein (CRP) was also included among the strongest predictors for ICU admission or death at 30 days in COVID-19 (20, 21). Interferon-gamma (IFN-γ) has also been increased in severe cases compared to milder cases or even with healthy controls (4, 15, 19). Early robust IFN-γ response is protective against COVID-19 infection. However, a delayed IFN-γ response did not limit viral load and led to increased inflammation and collateral damage (22). Other chemokines such as CCL2 and CXCL2 are likewise reported to be higher in infected cases (14, 22). Several chemokines, such as CXCL1 and CXCL5, have also been elevated in severe COVID-19 patients (23).

More studies are needed to better understand potential biomarkers that can predict cytokine storm-like syndrome associated with COVID-19 in Filipino population (24). Moreover, there is very limited data regarding genetic difference associated with different disease phenotypes among Filipino COVID-19 patients. Identifying biomarkers that are associated with clinical deterioration may help in treatment decisions. In this study, we studied different biomarkers (complete blood count [CBC], albumin, LDH, CRP, ferritin, D-dimer, and procalcitonin) and cytokines (IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-18, IFN-γ, IP-10, TNF-α) associated with disease progression and mortality among patients with confirmed moderate to severe COVID-19 infection in the University of the Philippines - Philippine General Hospital (UP-PGH).



2 Patients and methods


2.1 Study design and setting

This was a prospective cohort study of adults with confirmed moderate to severe COVID-19 infection admitted in the University of the Philippines – Philippine General Hospital (UP-PGH) from October 2020 to September 2021. UP-PGH is a tertiary university hospital and a COVID-19 referral center in the National Capital Region (NCR) where cases of COVID-19 in the Philippines are the highest (25). The conduct of the study was approved by the University of the Philippines Manila Research Ethics Board (UPMREB 2020-251-01).

Potential participants were recruited upon admission through referral from attending physicians. Once consent is obtained, blood samples were collected on specific time points (i.e., days 0 – 3, 4 – 10, 11 – 14, and >14 from the onset of COVID-19 symptoms) to measure serum concentrations of selected pro-inflammatory and anti-inflammatory cytokines, namely IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-18, IFN-γ, IP-10, TNF-α. The Milliplex Cytokine Storm Panel (Merck) that utilized the Luminex xMAP technology as per manufacturer’s instructions was used for cytokine measurement. We also obtained the results of common laboratory tests requested by attending physicians specifically, CBC, albumin, LDH, CRP, ferritin, D-dimer, and procalcitonin. The primary outcomes of interest were: 1) disease progression and 2) in-hospital mortality. We monitored the occurrence of outcomes daily from enrolment until death or hospital discharge.



2.2 Participants

Eligible patients included hospitalized adults (18 years and above) with confirmed COVID-19 infection, classified as moderate or severe disease. We excluded pregnant patients, patients with known immunodeficiencies such as those with active malignancies and autoimmunity, and those receiving immunosuppressive medications. Quota sampling was employed.



2.3 Definitions

A confirmed COVID-19 case was defined as a patient with laboratory-confirmed positive RT-PCR test for SARS-CoV-2. We used the Philippine COVID-19 Living Recommendations for severity classification (26). Moderate COVID-19 include those with clinical (cough, fever, and tachypnea) and/or radiographic evidence of pneumonia but without difficulty breathing or shortness of breath, respiratory rate <30 breaths/minute, or peripheral oxygen saturation (SpO2) ≥ 94% on room air. It also includes symptomatic patients without pneumonia but with risk factors for progression namely hypertension, cardiovascular disease, diabetes mellitus, chronic obstructive pulmonary disease (COPD), asthma, and immunocompromising conditions such as human immunodeficiency virus (HIV) infection, chronic steroid use, and active malignancy. Severe COVID-19 includes those with pneumonia and any of the following: signs of respiratory distress, SpO2 <94% at room air, respiratory rate ≥30 breaths/minute, or requiring oxygen supplementation. Patients with impending respiratory failure requiring high flow oxygen or ventilatory support, ARDS, sepsis, or septic shock, deteriorating sensorium, multi-organ failure, and thrombosis already have critical COVID-19.

Disease progression is present if any of the following develop during the course of hospitalization: 1) ARDS or worsening of ARDS based on the Berlin Criteria (27), 2) need for mechanical ventilation, 3) acute kidney injury defined as an increase in serum creatinine by >0.3 mg/dL within 48 hours or 1.5 x from baseline occurring within the prior seven days or a decrease in urine output of less than 0.5 mL/kg/h for 24 hours, 4) need for acute renal replacement therapy, 5) symptomatic cerebro- or cardiovascular thrombotic events such as stroke documented by CT-scan, acute myocardial infarction with rise in troponin-I values by >20%, acute limb ischemia, or venous thromboembolism documented by imaging, 6) acute myocarditis with findings of new wall motion abnormalities or worsening ejection fraction to <45%, 7) ICU admission, and 8) in-hospital mortality. In-hospital mortality is death from any cause during admission.



2.4 Sample size

To detect the association of clinically relevant biomarkers with disease progression and mortality with an odds ratio of at least 2.00, the computed sample size was 400 at an alpha of 0.05 and a beta of 0.20. For the baseline estimate of the risk of death, the 16.7% case-fatality rate in UP PGH was used (28). Estimates for disease progression were based on the reported odds ratio from recent studies (5, 29, 30). The study was powered for most of the clinically usable biomarkers in resource-limited settings based on the Philippine Society for Microbiology and Infectious Diseases (PSMID) Rapid Evidence Reviews on COVID-19 (31).



2.5 Data collection

Demographic and clinical data extracted from electronic medical records and the results of routine laboratory tests and cytokine analysis were encoded into a standard data collection form in the Research Electronic Data Capture (REDCap), a secure web-based application commonly used to capture data for clinical research and to create databases (32).



2.6 Statistical analysis

Shapiro-Wilk test and graphical representation were done using the data on patients’ age. The data were normally distributed. Demographic and clinical characteristics were compared according to the main outcomes of mortality and disease progression using t-test for continuous variables and Fisher’s exact test for dichotomous variables.

To determine the temporal changes in mean clinical laboratory biomarker levels between the outcome groups, the day of illness was grouped into four distinct time points: day 0-3, day 4-10, day 11-14, and day > 14 from the onset of illness. The mean biomarker levels and their confidence intervals were plotted against these four time points using R.

To determine the association between clinical laboratory biomarker levels and outcomes of interest, the following actions were made. First, for clinical applicability, biomarker levels were dichotomized using the following published cut-offs: NLR >3 (15), D-Dimer >1 µg/mL (33), Ferritin >300 µg/mL (33), hs-CRP >5 mg/dL (18), and LDH >359.50 U/L (34). Second, since patients usually get admitted on the 4th to 10th day of illness, we selected this period as reference for the analysis of prediction of disease progression and mortality. A generalized linear model for the binomial family was used to estimate the risk ratio for disease progression and in-hospital mortality using binary forms of the biomarker as the predictor variables. Separate models were created for each biomarker and each outcome of interest. Analysis was adjusted to age using a cutoff of 55 years, presence of CKD, presence of DM, treatment with tocilizumab, and treatment with dexamethasone during hospitalization. Association between laboratory results and outcomes of interest were reported as risk ratios with 95% confidence intervals.

We used a repeated measures mixed model regression analysis to determine the association between cytokine levels and outcomes over four time points. Main effects (time and outcome) with statistically significant results were subjected to post-hoc analysis to identify specific comparison pairs. Dot plots were used to graphically represent the trends in cytokine levels across time points and between groups. Statistical significance was set at a p-value of <0.05. The analysis was adjusted for age, comorbidities (CKD, DM), and treatment (tocilizumab, dexamethasone). Data were presented using linear prediction graphs. Post-hoc significance similarly used Šidák-Holm adjusted p-values. The prognostic utility of the cytokines in predicting disease progression and mortality was evaluated using ROC curves. Statistical analyses were performed in STATA/IC 15.1, GraphPad Prism version 8 for Windows, and R version 3.3.1.




3 Results


3.1 Patient demographics and profile

We analyzed 400 hospitalized adult patients with moderate to critical COVID 19. The demographic and clinical characteristics of the patients are summarized in Table 1. The mean age of the cohort was 56 years, and majority were males (61%). Hypertension (56%), diabetes mellitus (32%), and cardiac disease (12%) were the most common comorbid conditions. On admission, 123 (31%) had nonsevere disease (moderate COVID-19 infection), while 277 (69%) had severe to critical disease. Common presenting symptoms were cough (74%), shortness of breath (73%), fever (58%), generalized weakness (24%), and decreased appetite (23%). In the cohort, 139 (35%) exhibited disease progression. No comorbidities were associated with disease progression in this cohort. Patients with disease progression were generally older (p = 0.01) and presented with shortness of breath (p = 0.01) and sensorial changes (altered sensorium, delusions, hallucinations, and behavioral changes) (p < 0.001). On the other hand, the in-hospital mortality rate of the cohort was 18%. More patients who died were older (p = 0.01), had diabetes (p = 0.01), had chronic kidney disease (p = 0.03), presented with shortness of breath (p = 0.02), and sensorial changes (p < 0.001). Many also received therapeutic interventions, namely dexamethasone (78%), remdesivir (56%), tocilizumab (52%), anticoagulants, and antithrombotics (88%). The administration of remdesivir (p = 0.001), dexamethasone (p = 0.01), tocilizumab (p = 0.01), and anticoagulants/antithrombotics (p = 0.01) was higher among patients who progressed to the severe-critical stage. Meanwhile, more nonsurvivors received dexamethasone (p = 0.03) and tocilizumab (p = 0.04). Illness severity on admission was associated with both disease progression and in-hospital mortality (p < 0.001). More patients who progressed to more severe disease (82%) or died (86%) already had severe-critical COVID-19 on admission.


Table 1 | Comparison of demographic and clinical characteristics of hospitalized adult patients with confirmed COVID-19 according to outcomes of disease progression and mortality.





3.2 Trends in laboratory parameters

Serum ferritin, LDH, CRP, and NLR (i.e., inflammatory markers), were elevated throughout the course of illness among those who exhibited disease progression (Figures 1A–C, F). Moreover, their WBC counts were consistently above normal (WBC >109/L) compared to those who did not exhibit disease progression (Figure 1E). D-dimer, a marker of ongoing activation of the hemostatic system and overall inflammation, also showed a similar pattern as other inflammatory markers (Figure 1I). Albumin, a negative acute phase reactant, exhibited a marked decline to below normal levels among those with disease progression (Figure 1D). The differences between those who did and did not progress to a more severe disease were more obvious on days 4 to 14 of illness.




Figure 1 | Comparison of the clinical laboratory biomarkers throughout the course of illness between COVID-19 patients with and without disease progression. The clinical biomarkers are: (A) hs-CRP; (B) lactose dehydrogenase (LDH); (C) Ferritin; (D) albumin; (E) white blood cell (WBC); (F) neutrophil-lymphocyte ratio; (G) hemoglobin; (H) platelet count; (I) D-dimer; (J) procalcitonin; and (K) Troponin. Line estimates were created using Locally Weighted Scatterplot Smoothing (LOWESS) showing 95% CI as shaded area around the line estimate. Points at each day interval represent mean estimate computed at that time point. Broken lines show the normal ranges of the tests.



Throughout the course of illness, hemoglobin and platelet values were lower among those with disease progression compared to those without (Figures 1G, H). Nevertheless, hemoglobin and platelet values remained near normal for both groups (Normal values: Hemoglobin, Male 13.5 – 17.5 g/L, Female 12.0 – 16.0 g/L; Platelet 150 – 399 x 109/L). A distinct peak in the procalcitonin level was observed on days 4-10 of illness, followed by a rapid decline towards the second week among those with disease progression (Figure 1J). The opposite was observed among nonprogressors, showing a steady increase in procalcitonin levels. Note that we only had at most 19 procalcitonin test results available for analysis in each observation period. Similarly for troponin, the tests were mostly done on days 4-10, with only 75 test results included in the analysis. Troponin was generally elevated, but the trends did not reveal marked deviation between those who did and did not exhibit disease progression (Figure 1K).

For routine laboratory tests, nonsurvivors exhibited a similar pattern as patients with disease progression (Figures 1, 2), except that anemia was observed among nonsurvivors (Figure 2G), and the initial peak in procalcitonin levels was not observed among nonsurvivors (Figure 2J).




Figure 2 | Comparison of the clinical laboratory biomarkers throughout the course of illness between COVID-19 survivors and nonsurvivors. The clinical biomarkers are: (A) hs-CRP; (B) lactose dehydrogenase (LDH); (C) Ferritin; (D) albumin; (E) white blood cell (WBC); (F) neutrophil-lymphocyte ratio; (G) hemoglobin; (H) platelet count; (I) D-dimer; (J) procalcitonin; and (K) Troponin. Line estimates were created using Locally Weighted Scatterplot Smoothing (LOWESS) showing 95% CI as shaded area around the line estimate. Points at each day interval represent mean estimate computed at that time point. Broken lines show the normal ranges of the tests.



We also checked the general trend of the serum cytokine levels for all COVID-19 patients included in this study. The serum concentrations of IFN-γ, IL-1β, IL-2, IL-4, IL-6, IL-10, IL-18, and TNF-α did not change significantly throughout the course of illness (Supplementary Figure 1). The IP-10, considered to be an “early cytokine”, peaked (1819.70 ng/mL; IQR: 549.54 – 8912.51) within ten days of illness onset and declined steadily thereafter (Figure 3A). On the other hand, IL-8, a “late” cytokine, increased after ten days and peaked 14 days after illness onset (446.68 ng/mL; IQR: 158.49 – 1071.52) (Figure 3B).




Figure 3 | Dynamics of serum levels of (A) inducible protein 10 (IP-10) and (B) interleukin 8 (IL-8) during the disease course in the COVID-19 patient cohort. The cytokines were measured in terms of days from illness onset. All samples collected from 400 patients were stratified into four intervals starting from illness onset. The dots represent individual measurement, and the box plots represent medians with interquartile range. The different groups were compared using the Kruskal-Wallis test with Dunn’s post hoc test. **p<0.01, ***p<0.001, ****p<0.0001.





3.3 Association of biomarkers with disease progression and mortality

Among the routine laboratory tests taken on days 4 to 10, high NLR (RR 8.49), high D-dimer (RR 4.14), high LDH (RR 2.62), low ALC (RR 2.31), and low albumin levels (RR 3.22) were associated with disease progression (p < 0.05). Except for NLR (p = 0.10), the associations remained statistically significant after adjustment for age, comorbidities (DM, CKD), and interventions (tocilizumab, dexamethasone). On the other hand, elevated D-dimer, elevated LDH, low albumin, and low ALC were associated with increased risk of in-hospital mortality (p <0.05). After adjustment, only high D-dimer and high LDH remained statistically significant. See Table 2.


Table 2 | Association of Selected Biomarkers (taken on Days 4-10) with Disease Progression and In-Hospital Mortality.



Repeated measures mixed model regression analysis showed that IP-10 and IL-6 levels were associated with disease progression and mortality, while IL-18 levels were associated only with mortality (Supplementary Figures 2-5). Generally, the IP-10 levels of COVID-19 patients were significantly higher during the early days of infection and then lowest levels were reached at >14 days from illness onset. IP-10 levels of patients with disease progression were higher at 0 to 3, 4 to 10, and 11 to 14 days from illness onset compared to patients without disease progression (Figure 4A). IL-6 levels were higher among those with disease progression (Figure 4B) compared to patients without disease progression beyond 14 days of illness onset.




Figure 4 | Dynamics of serum cytokine levels during the disease course in COVID-19 patients based on disease progression (A, B) and mortality (C–E). The cytokines were measured in terms of days from illness onset. All samples collected from 400 patients were stratified into four intervals starting from illness onset. The dots represent individual measurements, and the box plots represent medians with interquartile range. The different groups were compared by repeated measures mixed model regression with post hoc test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.



IP-10 levels at 0 to 3, 4 to 10, and 11 to 14 days from illness onset were higher among nonsurvivors compared to survivors (p < 0.01) (Figure 4C). IL-6 levels of nonsurvivors (2454.46 ng/mL; IQR: 906.30 – 4002.63) were also elevated at 0 to 3 days of illness onset compared to survivors (523.47 ng/mL; IQR: -183.69 – 1230.63) (p = 0.03) (Figure 4D). For IL-18, levels were significantly higher among nonsurvivors (890.36 ng/mL; IQR: 668.33 – 1112.40) on days 11 to 14 compared to survivors (172.84 ng/mL; IQR: 81.39 – 264.30; p < 0.001) (Figure 4E). No significant differences were observed for the rest of the cytokines analyzed (Supplementary Figures 2, 3). For both outcomes, we did not observe a change in the statistical significance after adjusting the model for age, comorbidities, and interventions. Adjusted predictions of TNF-α for mortality outcomes could not be evaluated due to non-convergence of data using the adjusted model (Supplementary Tables 2, 3).



3.4 Temporal kinetics of biomarkers among COVID-19 patients

No statistical significance was observed when comparing the temporal differences in IL-6 levels among COVID-19 patients without disease progression. However, among COVID-19 patients with disease progression, a significant increase in IL-6 levels from days 4 – 10 (397.65 ng/mL; IQR: 5.55 – 800.86) to days >14 (1248.50 ng/mL; IQR: 798.47 – 1698.52) from illness onset was observed (p < 0.05). For both groups (i.e., with and without disease progression), higher IP-10 levels were observed during the earlier days of illness, days 0 – 3 and 4 – 10, compared to the latter days of illness (days 11 – 14 and days > 14) (Supplementary Table 2; Supplementary Figure 4).

Among nonsurvivors, significantly higher level of IL-6 was observed at >14 days (3037.35 ng/mL; IQR: 2320.95 – 3753.76) of illness compared to days 4 – 10 (421.17 ng/mL; IQR: -146.30 – 988.63; p < 0.001) and 11 – 14 (1014.34 ng/mL; IQR: 389.60 – 1639.08; p < 0.001). On the other hand, IL-18 significantly increased and peaked at days 11 – 14 (890.36 ng/mL; IQR: 668.33 – 1112.40) compared to days 4 – 10 (244.08 ng/mL; IQR: 46.92 – 441.25; p < 0.001). There was no significant difference in the levels of IL-6 and IL-18 among the survivors. For IP-10, the level peaked at days 0 – 3 (57367.50 ng/mL; IQR: 36903.53 – 77831.46) and was significantly higher compared to days 4 – 10 (24424.94 ng/mL; IQR: 16597.45 – 32252.43; p < 0.05) and >14 days of illness (36941.07 ng/mL; IQR: 28421.85 – 45460.29; p < 0.001) (Supplementary Table 3; Supplementary Figure 5).



3.5 Predictive performance of cytokines

The ROC curves for the individual cytokines as predictors for disease progression and mortality are shown in Figures 5A, B. IP-10 best predicted disease progression on days 0 to 3 of illness with an AUC of 0.81 (95% CI: 0.68 – 0.95), followed by IL-6 at 11 – 14 days of illness (AUC 0.67; 95% CI: 0.61 – 0.73) (Figure 5A; Supplementary Table 4). For predicting mortality, IP-10 had an AUC of 0.77 (95% CI: 0.70 – 0.84) at 11 to 14 days of illness. Beyond 14 days of illness, IL-6 predicted mortality with an AUC of 0.75 (95% CI: 0.68 – 0.82) while IL-18 had an AUC of 0.69 (95% CI: 0.60 – 0.77) at 11 to 14 days of illness (Figure 5B; Supplementary Table 5).




Figure 5 | ROC curves of serum cytokine levels to predict disease progression (A) and mortality (B) of COVID-19 patients during hospitalization.






4 Discussion

The cohort in this study consists predominantly of patients with severe to critical COVID-19 disease (69%). This is higher compared to published data from the same institution (48.9%) and another tertiary referral center in Metro Manila (54.1%) even after excluding mild and asymptomatic patients (11, 35). The recorded mortality rate of 18% closely approximates the data from both reports, 15.1% in UP-PGH (11) and 20.8% in San Lazaro Hospital (35). The rate of disease progression was not reported in these local studies. But data from China show disease progression at 35.3% for patients with moderate and severe disease (36), similar to our study results at 35%. Given the high mortality and rates of progression, it is important to predict patients who will have poor outcomes to implement anticipatory care early in the course of the disease.

Older age, severe to critical illness on admission, existing comorbidities (DM, CKD), shortness of breath, and sensorial changes were associated with disease progression and mortality in this cohort. Age is an established risk factor for disease progression and mortality in multiple studies (10, 18, 33, 36, 37). Published data on comorbidities are variable but many studies reported DM and CKD to be associated with unfavorable outcomes among hospitalized patients with COVID-19 (1, 5, 18, 33, 36). Patients with severe disease were likely to die compared to their nonsevere counterparts. Expectedly, more nonsurvivors have received dexamethasone and tocilizumab. Local and international COVID-19 guidelines recommend the use of these agents to patients with severe disease (26, 38, 39). Corticosteroids have been shown to improve outcomes among patients with COVID-19 needing respiratory support (40), while tocilizumab on top of corticosteroids also improved outcomes also improved outcomes among patients with hypoxia and signs of systemic inflammation (41).

Our study showed that high D-dimer, high LDH, low ALC, and low albumin levels were associated with disease progression, while elevated D-dimer and LDH were associated with in-hospital mortality. These findings are consistent with other international and local reports on COVID-19 (11, 42–45). The finding of high D-dimer also provided evidence for SARS-CoV-2 infection as a hypercoagulable state (46), which further supports the use of prophylactic anticoagulation among patients with moderate to severe COVID-19. This hypercoagulable state can be attributed to neutrophil extracellular traps activation, which can trigger immunothrombosis in COVID-19 infection (47). In addition to what is already known, our study provided important insights about COVID-19: first, we provided the cut-off values and optimal time point for measurement of D-dimer (> 1 µg/mL), LDH, ALC (<1,100), and albumin (< 40 g/L); second, we reported cytokines that are significantly affected by COVID-19 and their use in predicting disease progression and mortality; third, we provided insights on the dynamics of IL-6 in the course of COVID-19 disease.

For routine laboratory tests, D-dimer >1 µg/mL and LDH >359.5 U/L obtained on the 4th to 10th day of illness may predict patients who are at high risk for disease progression and mortality, thus would warrant closer monitoring. Those who have ALC <1,100 and albumin <40 g/L should also be monitored due to high risk for mortality. Except for D-dimer, these are common tests available in most diagnostic facilities and hospitals. Incorporating them in clinical pathways for admitted patients with moderate to severe COVID-19 should not be a problem. As mentioned, high D-dimers are suggestive of a hypercoagulable state. It may be a marker of increased risk or even herald the presence of a thrombotic event. For D-dimer, our study does not only provide information on its predictive capacity, but also provides a research opportunity on the utility of D-dimer in guiding anticoagulant dosing among patients with COVID-19. A previous study showed that therapeutic-dose low molecular weight heparin decreased major thromboembolism and death compared with institutional standard heparin thromboprophylaxis among inpatients with COVID-19 with very elevated D-dimer levels (48). However, this benefit was only observed among noncritically ill patients with COVID-19 (48–50).

In addition to routine tests, our results agree with previous studies on the use of IP-10 as an early biomarker that distinguishes patients at risk for poor outcomes. Our results show clear divergence from day 0 to day 10 of illness – providing a wide window for clinicians as well as for researchers in terms of studying potential drug therapies. IP-10 is a protein secreted by various cell types such as monocytes, endothelial cells, and fibroblasts in response to IFNγ. IP-10 acts as a chemotactic factor for T cells, natural killer cells, monocytes, macrophages, and dendritic cells (51). IP-10 inhibits endothelial recovery independently of any other inflammatory factor, explaining the pervasive endothelialitis that is seen in severe and critical COVID-19 patients (52). Moreover, a critical factor for the exacerbation of the pathology of acute respiratory distress syndrome. It acts via autocrine signaling to promote oxidative burst and chemotaxis of inflamed neutrophils, leading to fulminant pulmonary inflammation (53). Neutrophilic infiltration has been observed post-mortem in pulmonary capillaries and alveolar space of patients who died from COVID-19 (54). Aside from the release of reactive oxygen species and cytokines to promote inflammation, neutrophils are known to produce neutrophil extracellular traps (NETs) composed of chromatin, anti-microbial proteins and oxidative enzymes meant to increase viscosity of respiratory tract mucus and eliminate pathogens (55). Although neutrophils act as first line of defense during infection of the lower respiratory tract, unregulated neutrophil activation can result to pneumonia and/or acute respiratory distress syndrome (56). Zuo et al. (57) has reported elevated NET markers such as myeloperoxidase-DNA complexes and citrullinated histone H3 (Cit-H3), the former of which was markedly elevated in hospitalized patients requiring mechanical ventilation (57).

A previous study also showed that IP-10 tends to elevate earlier in COVID-19 patients than other inflammatory cytokines (58). Several studies have shown that plasma levels of IP-10 are suitable biomarkers associated with the severity of COVID-19 diseases and may also be related to the risk of death in COVID-19 patients (59–62). Severe COVID-19 showed significantly higher levels of IP-10 than patients with mild COVID-19. Moreover, IP-10 levels were also positively correlated with SARS-CoV-2 titers in COVID-19 patients (63).

IL-6 is somewhat unique in that divergence was seen very early (0 – 3 days) and late (>14 days) in the course of the disease. This result highlights the usefulness of IL-6 as a prognostic biomarker for patients who presented to the hospital early or late in the course of the disease. This also shows that IL-6 can be used in monitoring patients with COVID-19 since IL-6 values can prognosticate disease progression and mortality even beyond 14 days after the onset of infection. However, IL-6 is only useful as a prognostic biomarker for patients not receiving tocilizumab. IL-6 is the main cytokine associated with several inflammatory diseases. Aside from being a pro-inflammatory cytokine, IL-6 promotes resistance to pathogens and tissue homeostasis (64). Previous studies showed that high serum levels of IL-6 are significantly related to adverse clinical outcomes such as admission to the intensive care unit, ARDS, and death (65, 66). Several studies recommended the early detection of serum IL-6 levels after admission to identify patients with the highest risk of disease progression and mortality (67–69).

IL-18, despite its “late” divergence, may still be useful especially for patients who present late in the course of their disease. IL-18 is a proinflammatory cytokine that facilitates IFN-γ production by Th1 cells. In the presence of IL-12, it also stimulates the production of IFN- by non-polarized T cells, NK cells, NKT cells, B cells, DC, and macrophages (70). A previous study in Brazil showed that fatal cases of COVID-19 had elevated levels of IL-18 (71). Multiple studies also showed that IL-18 is a marker of COVID-19 infection severity (71–73). Serum IL-18 levels in COVID-19 patients were noticeably higher compared to healthy controls, peaking in the group with severe pneumonia (74). IL-18 participates as an element of inflammasome activation among COVID-19 patients. Inflammasomes play a key role in the innate immune response to pathogen-associated molecular patterns. Inflammasomes release proinflammatory cytokines like IL-1 and IL-18 to the extracellular environment causing inflammation and cell death. Overactivation of this process leads to exacerbation of COVID-19 infection (75, 76).

Our study has several limitations given its observational nature. First, the choice, the timing, and the frequency of routine laboratory tests were at the discretion of the attending physicians. Thus, it is likely that patients with more severe disease underwent extensive laboratory evaluation, earlier testing, and more frequent testing than patients with nonsevere disease. Second, the majority of the patients were admitted beyond four days of illness, hence fewer laboratory data were available for days 0 to 3. Although this could have missed significant deviation early in the course of the disease, our data reflected the most clinically relevant time point - the time when most patients seek medical attention. Third, we used cut-off values based on published studies for routine laboratory tests. Fourth, the COVID-19 pandemic is evolving along with the availability of vaccines and therapeutic agents. The vaccine roll-out began in March 2021. We were able to include therapeutic agents as shown in Table 1, but this is limited to those available and used in the hospital. Some patients may have tried “other agents” such as ivermectin, herbal supplements, and high dose vitamins – and the effect of such therapies cannot be controlled or considered in the analysis. Unfortunately, we were also unable to obtain the COVID-19 vaccination history of the patients. Cardiac magnetic resonance imaging was not done in any of the patients, which makes it very difficult to distinguish between acute myocardial infarction and myocarditis. Our study also had missing data. Some laboratory markers were not obtained from patients, or the values of the cytokines were beyond the range of detection. We did not run multiple imputations for these missing data. And finally, our study was conducted during the earlier waves of SARS-CoV-2, with the more virulent variants as opposed to the seemingly milder Omicron variant (77).

Future studies could explore the cost-effectiveness of these tests, especially since cytokine level determination is not widely available locally. For the biomarkers, monitoring trends before, during, and after treatment may be valuable in better understanding the immunopathologic mechanisms of COVID-19, as well as their association with clinical outcomes. These biomarkers may be studied as a predictor of the need for a higher FiO2 requirement. This can help clinicians better respond to acute complications, long-term sequelae, and possible future COVID-19 variants. This study emphasizes the need to develop research centers that can explore these critical immunologic mechanisms and be agile to respond to future pandemics and similar public health threats.



5 Conclusions

Among patients with moderate to severe COVID-19, elevated D-dimer (>1 µg/mL) or LDH (>359.5 U/L) obtained within ten days of illness onset were associated with disease progression and mortality. Additionally, lymphopenia and hypoalbuminemia were also associated with disease progression. For cytokines, elevated IP-10 within 14 days of illness, and elevated IL-6 beyond 14 days of illness were associated with disease progression and mortality. High levels of IL-18 on the 11th to 14th day of illness were also associated with mortality. Timely utilization of these biomarkers will better guide patient monitoring and management.
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The SARS-CoV-2 coronavirus, which causes a respiratory disease called COVID-19, has been declared a pandemic by the World Health Organization (WHO) and is still ongoing. Vaccination is the most important strategy to end the pandemic. Several vaccines have been approved, as evidenced by the ongoing global pandemic, but the pandemic is far from over and no fully effective vaccine is yet available. One of the most critical steps in vaccine development is the selection of appropriate antigens and their proper introduction into the immune system. Therefore, in this study, we developed and evaluated two proposed vaccines composed of single and multiple SARS-CoV-2 polypeptides derived from the spike protein, namely, vaccine A and vaccine B, respectively. The polypeptides were validated by the sera of COVID-19-vaccinated individuals and/or naturally infected COVID-19 patients to shortlist the starting pool of antigens followed by in vivo vaccination to hACE2 transgenic mice. The spike multiple polypeptide vaccine (vaccine B) was more potent to reduce the pathogenesis of organs, resulting in higher protection against the SARS-CoV-2 infection.
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1 Introduction

The recent and ongoing pandemic named COVID-19 caused by the coronavirus SARS-CoV-2 that first emerged in late 2019 continues to claim over 6 billion positive cases with higher than 6.5 million deaths (1). Symptoms are relatively similar to common cold symptoms and range from mild to severe conditions. These symptoms include coughing, shortness of breath, fatigue, and fever; the elderly especially those who have comorbidities such as hypertension, obesity, or diabetes are at higher risk for serious illness. In addition, another complication associated with SARS-CoV-2 is the development of a severe COVID-19-related “cytokine storm”, possibly due to dysregulation of the IFN-I response that causes a serious condition known as acute respiratory distress syndrome (ARDS) (2–7). To note, among all shown SARS-CoV-2 variants, the Omicron variant outbreak was the highest wave worldwide (8–10).

Combining immunization with non-pharmaceutical interventions is the greatest approach to control a pandemic. Therefore, multiple vaccines against COVID-19 have been developed at an exceptional rate, delivering billions of doses worldwide and significantly reducing the number of deaths from the COVID-19 disease (11, 12). Although several vaccines have been approved, the pandemic is not over yet, as evidenced by the ongoing global pandemic since none of the commercially available vaccines is entirely effective to prevent COVID-19. Furthermore, a series of severe cases of COVID-19 among people who had already received two doses of the Pfizer vaccine were reported in Israel in late July and early August 2021, questioning the level of effectiveness of the vaccine (13). A recent analysis shows that the COVID-19 pandemic may end in 2022, but then again COVID-19 will be two times more lethal than seasonal flu by 2023 (14). Another analysis that was performed by the British government assumed that this pandemic could be over either by 2022/2023 or by 2023/2024, or may last till 2026 (15). Both assumptions signify the need for a proper effective vaccine against SARS-CoV-2.

The major transgene or its fragments thereof that are currently primarily focused on vaccine development for COVID-19 are the spike protein of SARS-CoV-2, especially the receptor-binding domain (RBD). Therefore, consideration of the variants and the mutational events of SARS-CoV-2 should not be neglected especially for the RBD region (16–20). Moreover, the spike protein facilitates viral entry into cells as it is located on the virion surface and is believed to bind to the human angiotensin-converting enzyme 2 (hACE2) receptor, making it susceptible to humoral antibody immune responses, thus considered a promising immunogen. Furthermore, data indicate that the spike protein is the primary target of neutralizing antibodies and some of identified neutralizing antibodies were applied as therapeutic neutralizing antibodies in different clinical trial phases such as Celltrion (NCT04602000) and Regeneron (NCT04425629, NCT04426695, and NCT04452318) (21, 22).

Among the vaccine types, subunit vaccines that are composed of viral proteins or protein fragments offer stably expressed, conformationally native antigenic peptides and high-throughput, scalable solutions. The most used platforms in designing the new vaccines for SARS-CoV-2 were mRNA vaccine-based and, to a lesser extent, DNA vaccine-based platforms (23). Still, although these vaccines restrict the severe cases of COVID-19 infections and relatively reduce the spreading, drawbacks including safety and immunogenicity, long-term efficacy, and stability especially for RNA, as it is highly susceptible to degradation, are among the challenges hindering vaccine development (24). Compared to these platforms, peptide-based vaccines exhibit superior properties and guarantee cytolytic T-cell induction and memory B-cell formation (25–27). Therefore, and in order not to depend on the transcriptional and/or translation machinery (peptide production) of the body and its variation among individuals, we chose to use the peptide-based vaccine platform.

Moreover, other than DNA and mRNA vaccines, subunit (peptide) vaccines guarantee to preserve the required conformation and its final concentration (28–31). Four used antigen polypeptides were selected by the structure and immunogenicity of spike protein (16, 32–34). In addition, polypeptide vaccines are easier and cheaper to manufacture on a large scale than mRNA vaccines and do not need ultra-cold storage. This may help get more vaccines to undeveloped parts of the world like Africa where vaccination rates are very low. Nevertheless, while vaccination remains the most important strategy to end the pandemic, achieving global vaccination coverage remains a major hurdle. In this context, we examined that the selected polypeptides of the COVID-19 spike were validated by sera of vaccinated individuals and infected patients following in vivo vaccination using the hACE2 transgenic mouse (TG) model of COVID-19 (35). Here, we report the result of two vaccines: vaccines A and B composed of single SARS-CoV-2 and multiple SARS-CoV-2 polypeptides, respectively, derived from the SARS-CoV-2 spike protein. Vaccine B sufficiently reduced the pathogenesis of different organs, resulting in protection of hACE2 TG mice from SARS-CoV-2 infection.



2 Materials and methods



2.1 Cloning, expression, and purification of polypeptides (antigens)

Polypeptide antigens of spike protein were cloned, expressed, and purified as described earlier (17, 36). Briefly, spike cDNA corresponding to polypeptide antigens were cloned into a pET21a vector (Takara, Shiga, Japan), followed by PCR, then PCR products were ligated into an expression vector using suitable restriction enzymes (Takara, Shiga, Japan). The positive clone containing the polypeptide cDNA insert was confirmed by analysis of their respective DNA sequencing (Cosmogen, Seoul, Korea). Next, expression vectors were transformed into BL21-CodonPlus (Stratagene, San Diego, CA, USA) through a heat-shock technique. After collecting the expressed polypeptides, they were purified using their 6 × his-tag at the C-terminus by TALON® Magnetic Beads (Takara) followed by HPLC purification. Their concentrations were verified via silver staining and Bradford assay.



2.2 Viral antibody testing and neutralization assay

Purified spike antigens were assessed for their neutralizing ability using serum samples from SARS-CoV-2-vaccinated and naturally infected people, which were approved by the Institutional Review Board of Yeungnam University Medical Center, Korea (approval no. 2020-07-063) (17). Homemade enzyme-linked immunosorbent assay (ELISA) was used to detect neutralizing antibodies (anti-SARS-CoV-2 antibodies) within human sera against a list of purified spike antigens, which was used to coat max-flat-bottom 96-well plates at a final concentration of 1 µg/ml and kept at 4°C 1 day before the assay. The next day (the day of the assay), the plates were washed three times with phosphate-buffered saline and 0.1% Tween (PBS-T) and blocked with 200 μl/well 2% BSA for 1 h at room temperature (RT), followed by washing with PBS-T three times, and then incubated with serially diluted serum samples for 2 h at RT. Next, the plates were washed three times with PBS-T, incubated on a rocker for 0.5 h at RT with antibody-HRP, washed three times with PBS-T, and incubated with TMP-substrate 100 μl/well for 20 min at RT followed by 100 μl/well of stop solution. The ELISA plate was read at 450 nm on a microplate reader. The same ELISA steps were used for the titration assay of mice serum.



2.3 Vaccine formulation, mice vaccinations, and infection

All the animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) at Konkuk University. Two vaccines, vaccine A and vaccine B, were designated among the purified spike antigens. Both were injected twice subcutaneously with 2-week intervals; the first injection (on day 21) was formulated with a complete adjuvant, and the second (on day 7) was formulated with an incomplete adjuvant. Antigens and adjuvants (Freund’s adjuvant, a known solution of antigen emulsified in mineral oil used as an immunopotentiation; both complete and incomplete adjuvants were used: the complete adjuvant is made of inactivated and dried mycobacteria, and the incomplete adjuvant lacks the mycobacterial components) were mixed in a 1:1 ratio to the mentioned final concentration. Male mice of K18-hACE2 TG at 7 weeks of age were used; each group was injected with a dose of 2 μg per mouse, and all mice were preserved with food and water and weighted and monitored daily. The first group was vaccinated with vaccine A followed by those infected/challenged with SARS-CoV-2 virus (n = 5); the second group was vaccinated with vaccine B followed by those infected/challenged with SARS-CoV-2 (n = 5); and the control group was only infected/challenged with SARS-CoV-2 (n = 5), 1 × 105. The median tissue culture infectious dose (TCID50) of SARS-CoV-2 virus (NCCP 43326) was given intranasally at day 0. The viral infection of SARS-CoV-2 by real-time RT-PCR was performed according to the guidelines of Korea Centers for Disease Control & Prevention (KCDC&P). Next, sera were collected on day 6 or 7, and all sera were kept at 4°C until use.



2.4 Mouse experiment for vaccine evaluation

The following elements were checked to evaluate changes and compare the three groups of mice: mouse weight, mouse activity, and survival rate until 7 dpi. Moreover, lung, spleen, and small intestine tissue excisions from sacrificed mice on day 7 were used for histopathological score measurements. Virus titer was measured for lung tissues, and tissue weight/body weight was measured for lung tissues.



2.5 Histopathological analysis of lung, spleen, and small intestine

Lung, spleen, and small intestine organs from sacrificed mice were collected on day 7 after infection. The collected tissues were fixed using 4% paraformaldehyde, paraffin-embedded, cut into sections equally, and stained with hematoxylin–eosin (H&E) staining for detection of histopathological changes. Inflammation, edema, and bronchiolitis lesions were measured for lung tissues. Spleen atrophy of the white pulp was measured in the spleen. The number of goblet cells was measured in the small intestine.



2.6 Statistical analysis

Statistical analysis was completed using Prism 8.0 (GraphPad Software). One-way ANOVA or two-way ANOVA, followed by Tukey’s post-hoc correction, was used; P-value <0.05 was considered significant.




3 Results



3.1 Identifying potential protective antigens using serum samples from vaccinated and naturally infected patients

Various antigens/polypeptides of the spike protein were constructed and purified to be evaluated as a vaccine candidate. These antigens were checked for their ability to bind to neutralizing antibodies within the human sera of either vaccinated people or patients naturally infected with the SARS-CoV-2 virus. Among them, four antigens summarized in Table 1 were selected for further experiments. These antigens were used as a SARS-CoV-2 vaccine and to compare whether one antigen is sufficient to offer protection similar to multiple antigens. We used two vaccines as follows: vaccine A is composed of a single antigen-1 (Ag1), whereas vaccine B is a mixture of four antigens (Ag1, Ag2, Ag3, and Ag4). The scheme of the designed experiments is summarized in Figure 1. Briefly, mice were immunized with two different vaccines (two groups each with either vaccine A or vaccine B) subcutaneously in a final dose of 2 μg and scheduled within 3 weeks prior to infection as the first injection was at day 21 and the second injection was at day 7 (2-week interval), and then mice were infected with 105 PFU of SARS-CoV-2 virus at day 0, sera were collected, and mice were necropsied at day 7.


Table 1 | Amino acid sequence of four spike antigens.






Figure 1 | Schematic drawing showing the experimental design of the vaccination. K18-hACE2 TG mice were injected twice with 2 μg or either vaccine A or vaccine B subcutaneously at intervals of 2 weeks. After a week of a second injection, mice were infected with SARS-CoV-2 (105 PFU) through the intranasal route, and 7 days postinfection changes were assessed.



Two-step purified recombinant antigens were visualized by 10% SDS-PAGE and silver staining (Supplementary Figure 1). These four antigens were selected to be examined as vaccine candidates because of their highest binding ability (higher OD450) with vaccinated or naturally infected human serum samples. COVID-19 patient 2’s resulting titer against all four antigens was high and tightly associated with the COVID-19 neutralizing index 640 (Figure 2A). However, the vaccinated human sera exhibited very low titers compared to naturally infected patients’ sera. In addition, the vaccinated mouse sera were examined for their titers using the four antigens (Figure 2B). In general, the multiple spike polypeptide (vaccine B)-immunized group exhibited higher titers compared with the single polypeptide (vaccine A)-immunized group.




Figure 2 | Antibody titers of serum against the four antigens. (A) ELISA plate showed the binding of the antigens with antibodies from sera of vaccinated (V1∼V5), negative (N), and naturally infected patients (P1/2) (upper panel), and their numerical OD450 values (lower panel). The patient 1 and 2 COVID-19 neutralizing indexes were 20 and 640, respectively. (B) ELISA plate showed the titration results of the antigens with antibodies formed in the two vaccinated mice groups (left) and their numerical OD450 values (right). The antibody titration was performed by serial dilution from 1:1,000 (103) to 1:1,000,000 (106). All vaccinated people included in this study were vaccinated by Pfizer mRNA vaccine.





3.2 Evaluation of survival, weight, and activity changes in mice after SARS-CoV-2 infection

After the vaccination schedule was performed as shown in Figure 1, the three groups of K18-hACE2 TG mice were intranasally infected and on day 7 sacrificed for collection of organ tissue and blood samples. Prior to and postinfection, the weight of mice was monitored for the two groups that have been vaccinated, that is, those vaccinated with vaccine A and those vaccinated with vaccine B, till the day of infection in which there was no difference in the body weight of these two groups. From day 0 up to day 7 postinfection, the three groups—the control group (infected only) was added—were compared for their body weight changes as percent change (Figure 3A, upper panel). At 6 dpi, both the SARS-CoV-2-infected group and the vaccine A-administrated group showed a body weight loss of nearly 15%, whereas the vaccine B-administrated group revealed an 11% loss of body weight. From 4 to 7 dpi, three mice of the vaccine-administered groups (one from the vaccine-A group and two from the vaccine-B group) recovered their weight after weight loss (Figure 3A, bottom panel). Although there was no statistical significance between the three groups in body weight changes, the vaccine B-administrated group demonstrated the lowest body weight loss and improved recovery (Supplementary Figure 2).




Figure 3 | Body weight, activity, and survival changes in SARS-CoV-2-vaccinated and infected mice. (A) Weight changes starting from injection time (upper panel) and/or while infection (lower panel) plotted as percent change to compare the weight change of three groups (each group has n = 5); both the SARS-CoV-2-infected group (vaccine A, and vaccine B) and the vaccine-treated groups were autopsied; thus, mice’s body weights were monitored until 7 days postinfection (dpi). (B) Activity changes from day 0 up to day 7 postinfection (upper panel), and the overall activity changes (lower panel) plotted as percent change to compare the activity change of three groups after infection (each group has n = 5); both the SARS-CoV-2-infected group and the vaccine-treated groups (vaccine A and vaccine B). (C) The survival of mice was monitored every day until mice of the three groups were autopsied on day 7 dpi. Means with SD are presented, and there was no significance among groups.



In addition, the activity of the three groups was observed and the changes were summarized as percentages (Figure 3B, upper panel). The activity in the SARS-CoV-2-infected group started to decrease at 5 dpi and continuously worsened leading to a moribund state at 7 dpi, whereas in the vaccine-administered group, the activity decreased from 6 dpi and then continued to decrease leading to a moribund status in some mice at 7 dpi. Moreover, the activity of two mice in the vaccine-A group as well as two mice in the vaccine-B group remained 100% up to 7 dpi, and a moribund status was observed in two mice of the vaccine-A group but one mouse of the vaccine-B group (Figure 3B, bottom panel). As indicated also in the survival outcomes that were monitored up to 7 dpi, all mice were sacrificed on day 7 (Figure 3C). There was no significant difference between the three groups in the tested measurements; body weight changes, activity, and survival; however, the mice of group vaccine-B showed the most promising results.



3.3 SARS-CoV-2 titer in lung and histopathological changes in infected mice with and without vaccine

The three groups of mice were sacrificed at 7 dpi, and the viral titers and histopathologic changes were evaluated. In the lung, both viral titers and histopathologic changes are as shown in Figure 4. The vaccine-B group had a markedly lower viral titer (2.1 × 104) compared with those of SARS-CoV-2 infection only (3.7 × 107). Also, the virus titer of the vaccine-A group (9.2 × 105) showed a decrease compared with the SARS-CoV-2-infected group (Figure 4A), although there was no statistically significant difference. On the other hand, histopathological changes in the lungs of mice of the vaccine B-administered group were not greatly improved compared with the group of SARS-CoV-2-infected mice but was not worsened as in the vaccine A-administered group (Figures 4B–E). The total histopathological score showed a non-significant difference between the three groups (Figure 4D). However, for lung edema (Figure 4B), the vaccine A-administered mice showed higher edema compared with SARS-CoV-2-infected mice and vaccine B-administered mice (lowest edema score). In addition, out of five mice, two mice of the vaccine B-administered group revealed the lowest histopathological score when comparing all 15 mice of the three groups (Figure 4D, right panel). These quantitative histopathological scores were confirmed with the histopathological analysis of the mice’s lungs (Figure 4E). Lung granulomas are highly formed in the mice of SARS-CoV-2 infection, followed by the vaccine A-administered group, and the least granuloma formation was in the vaccine B-administered group. Thus, taking all together, this suggests that vaccine B confers a promising vaccine nomination as it showed lower viral titers and histopathological scores.




Figure 4 | Pathological changes of K18-hACE2 TG mouse lungs after SARS-CoV-2 infection with and without vaccine. (A) The viral load measurements in the three groups of mice; vaccine A-administered group, vaccine B-administered group, and SARS-CoV-2-infected group (each n = 5) represented as cumulative viral load in each group in the left bar graph. The viral load measurements showed individual viral load in each mouse within the three groups of mice as represented in the right graph. Means with SD are presented, and there was no significance among groups. (B) Histopathological score of changes in lung edema. (C) Lung to body weight %. (D) Total pathology score. (E) Histopathology of mouse lungs after being paraffin-embedded, cut, and stained with hematoxylin–eosin (H&E). Lung granulomas are indicated in black arrows. Scale bars 50 µm (upper line) and100 µm (lower line).





3.4 Histopathological changes in vaccinated and non-vaccinated mice after SARS-CoV-2 infection

We investigated the histopathological changes in the spleen and small intestine, other than the lung, to evaluate the degree of spreading of the infection and how vaccines impact these organs (Figures 5, 6). The changes in spleen pathology of the three groups are shown in Figure 5, and the changes in other tissue weight over body weight (liver, spleen, right and left kidneys, and lung) are shown in Supplementary Figure 3. The spleen-to-body weight ratio showed significantly higher percentages in the vaccinated groups (vaccine A; *p = 0.025 and vaccine-B; *p = 0.042) compared with the SARS-CoV-2-infected group (Figure 5A). The spleen showed to be enlarged under infectious conditions due to the increased immune cell proliferation and differentiation against infected pathogens such as SARS-CoV-2. Thus far, the severity of the damage after infection or injury is mainly measured by the white pulp atrophy rather than spleen enlargement, whereas the atrophy lesion in the splenic white pulp was shown to be increased in the vaccine A-administered group with no significant difference in the vaccine B-and SARS-CoV-2-infected groups (Figures 5B, C). Furthermore, small intestine goblet cells are known for their participation in the immune response; however, increasing the number of these cells indicated worsening of the case and mucus hypersecretion will result in goblet cell hyperplasia (37). In Figure 6, the histopathological changes in terms of goblet cell number of the three mice were evaluated. As the results showed, the vaccine B-administered group represents a statistically significant low number of goblet cell in villi (*p = 0.027), representing a healthier intestine among the three groups.




Figure 5 | Pathological changes of K18-hACE2 TG mouse spleens after SARS-CoV-2 infection with and without vaccines. (A) Spleen to body weight %. (B) White pulp atrophy %. (C) Histopathology of mouse spleens after being paraffin-embedded and processed for hematoxylin–eosin (H&E) staining. Splenic white pulp atrophy is indicated in white arrows. Scale bars 50 µm (upper line) and100 µm (lower line). *p < 0.05.






Figure 6 | Pathological changes of K18-hACE2 TG mouse small intestines after SARS-CoV-2 infection, with and without vaccines. (A) Bar graph showing the number of goblet cells in villi in the three groups of mice. (B) Histopathology of mouse small intestine after being paraffin-embedded and stained with hematoxylin–eosin (H&E). Goblet cells are indicated in black arrows. Scale bars 50 µm (upper line) and 100 µm (lower line). *p < 0.05.






4 Discussion

Effective vaccine development has been a critical concern throughout the last pandemic caused by SARS-CoV-2. The need emerged from the start of this pandemic in late 2019, which encouraged many companies to work on a solution in a highly accelerated time frame (32, 38–42). Despite the several vaccines produced, there is still a need for more effective and safe vaccines against COVID-19 as the causing virus, SARS-CoV-2, continues to spread worldwide (33). It is true for a number of vaccines that it was successful in developing a vaccine in record time, yet many challenges remain to be solved to overcome the COVID-19 pandemic emergency (11, 34).

Here, in this study, we were able to select potential spike antigens after evaluation of a list of antigens using infected and vaccinated human sera. In addition, we compared a single antigen versus a mixture of antigens to assess, which could be the best vaccination strategy. Moreover, our results demonstrated the mixture of antigens; vaccine B has promising properties for the development of a vaccine against SARS-CoV-2. In developing peptide-based vaccines, choosing the appropriate epitopes/antigens is the most critical step. The spike (S) protein is a crucial protein on the SARS-CoV-2 viral surface as it binds to the host cell surface and mediates the invasion (43, 44). Thus, it is the foremost target of the majority of the anti-COVID-19 vaccines currently offered. Therefore, by narrowing a pool of spike antigens, we aimed to maximize the effectiveness of vaccine candidates. We started with various antigens/epitopes reaching four potential antigens by evaluating the binding of antigens with neutralizing antibodies in the sera of vaccinated and infected patients; these four selected antigens were subjected to further in vivo analysis.

Next, we want to evaluate the impact of the number of antigens per vaccine, so we designed two vaccines, which are vaccine A, which is composed of one antigen (Ag1), and vaccine B, which is composed of an equal mixture of the four selected antigens (Ag1–Ag4). Our results demonstrated that vaccine B with a mixture of antigens provides better outcomes in terms of viral load and histopathological changes than that of a single antigen, vaccine A. Moreover, when we validated the formation of antibodies by titration assay for both vaccinated groups (Figure 2B), as expected, the vaccine-B group showed binding with all four antigens, especially with Ag4. The vaccine-A group revealed binding with Ag1 as expected but also showed a cross-reactivity with Ag3. Interestingly, the vaccine-A group showed high affinity binding to Ag3, although vaccine A does not contain Ag3. Moreover, the OD450 of three mice (A3–A5) for Ag3 was slightly higher than Ag1 in this group, indicating a cross-reactivity occurrence that might be developed by a possible shared epitope structure resulting from a short stretch of amino acids. Furthermore, it is interesting that vaccine-B group mice did not develop an antibody against Ag3, although vaccine B contains Ag3. These data indicate that within a mixture of antigens, some antigens tend to be more visible to the immune system than others.

On the other hand, vaccine B owns four polypeptides of spike protein that interestingly have some amino acid stretches mentioned for their immunogenicity in previous studies (underlined in Table 1). The epitope/motif QCVNLTTRT in Ag1 was predicted for its antigenicity that was examined for the mutational events and thus, being a highly potential vaccine candidate, was already validated by our assessment (45). In addition, an epitope KPFERDISTEIYQAG STPCNGVEGFNCYFPLQS, found within Ag1 and Ag2, was recognized earlier among other epitopes that induce long-term immunity (46). However, Ag2 and Ag4 present higher titration results indicating higher binding with the formed antibodies (Figure 2B). Yet, all four antigens as one vaccine offer the overall outcome. More detailed investigations are needed to evaluate which antigens produce higher immunity.

In conclusion, it has been well established that vaccination is the most effective strategy for controlling and eradicating infectious diseases. In this study, we sought to evaluate the efficacy of two proposed SARS-CoV-2 vaccines, vaccine A and vaccine B, in providing protection against infection with the virus. Vaccine A was composed of a single SARS-CoV-2 polypeptide derived from the viral spike protein, whereas vaccine B consisted of multiple polypeptides also derived from the spike protein. Upon administering the vaccines to a group of study subjects, we observed that vaccine B was able to attenuate histopathological changes in organs and provided superior protection against SARS-CoV-2 infection compared with vaccine A, as shown in Figures 4–6. These findings suggest that multivalent spike protein-based vaccines may be more effective at inducing immunity against SARS-CoV-2. To the best of our knowledge, this is the first study to compare the efficacy of mono- and multi-peptide vaccine formulations against SARS-CoV-2. Based on the promising results of this study, further investigation into the use of multi-peptide-based vaccines such as vaccine B may hold promise as a potential candidate for the development of an effective COVID-19 vaccine.
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Introduction

Tocilizumab, a humanized anti-interleukin-6 receptor (IL-6R) antibody, is recommended for the treatment of severe to critical coronavirus diseases 2019 (COVID-19). However, there were conflicting results on the efficacy of tocilizumab. Therefore, we hypothesized that the differences in tocilizumab efficacy may stem from the different immune responses of critical COVID-19 patients. In this study, we described two groups of immunologically distinct COVID-19 patients, based on their IL-6 response.





Methods

We prospectively enrolled critical COVID-19 patients, requiring oxygen support with a high flow nasal cannula or a mechanical ventilator, and analyzed their serial samples. An enzyme-linked immunosorbent assay and flow cytometry were used to evaluate the cytokine kinetics and cellular immune responses, respectively.





Results

A total of nine patients with critical COVID-19 were included. The high (n = 5) and low IL-6 (n = 4) groups were distinguished by their peak serum IL-6 levels, using 400 pg/mL as the cut-off value. Although the difference of flow cytometric data did not reach the level of statistical significance, the levels of pro-inflammatory cytokines and the frequencies of intermediate monocytes (CD14+CD16+), IFN-γ+ CD4+ or CD8+ T cells, and HLA-DR+PD-1+ CD4+ T cells were higher in the high IL-6 group than in the low IL-6 group.





Conclusion

There were distinctive two groups of critical COVID-19 according to serum IL-6 levels having different degrees of cytokinemia and T-cell responses. Our results indicate that the use of immune modulators should be more tailored in patients with critical COVID-19.





Keywords: immune response, cytokine, IL-6, T cell, critical COVID-19





Introduction

About 5% of patients with coronavirus disease 2019 (COVID-19) experience critical illness, characterized by respiratory failure, septic shock, and multiorgan failure (1, 2). T-cell hyperactivation (3), cytokine storm (4), and expansion of monocyte subpopulation (5) have been suggested as typical immunological features of severe COVID-19; thus immune modulators such as corticosteroid, baricitinib, or tocilizumab are used for the treatment of severe to critical COVID-19 (6).

Although the National Institutes of Health guidelines recommend the use of tocilizumab, a humanized monoclonal antibody against the interleukin-6 receptor (IL-6R), for the treatment of critical COVID-19 (7), there have been conflicting results relating to the efficacy of this drug (8–10). This raises the question of whether patients with critical COVID-19 differ in their immune responses. If different immunopathologies, rather than viral pathological mechanisms, contribute to disease severity in patients with critical COVID-19, more tailored anti-inflammatory strategies could be pursued. Therefore, we aimed to describe and classify immune responses especially according to IL-6 response, among patients with critical COVID-19.





Method




Study population and design

In this study, adult (≥ 18 years old) patients with critical acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, hospitalized to the Seoul National University Hospital between August to December 2021, were prospectively enrolled. All SARS-CoV-2 infection was laboratory-confirmed by quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR). Critical COVID-19 was defined as patients requiring respiratory support such as high flow nasal cannula (HFNC) oxygen therapy or mechanical ventilation.

Serial blood and nasopharyngeal swab samples were collected around the onset of critical illness. Clinical data, including demographics, underlying comorbidities, COVID-19 vaccination status, disease severity, COVID-19 specific treatment, duration of isolation, and clinical outcome were collected. The levels of C-reactive protein (CRP) were also retrospectively collected.

This study was approved by the Institutional Review Board (IRB) of Seoul National University Hospital (IRB no. 2104-181-1215). All participants provided written informed consent in accordance with the Declaration of Helsinki.





Measurement of anti-S1 immunoglobulin G

Serum anti-SARS-CoV-2 S1 domain (i.e., S1) immunoglobulin (Ig) G titers were semi-quantitatively measured using the anti-SARS-CoV-2 enzyme-linked immunosorbent assay (ELISA) IgG kit (Euroimmun, Lübeck, Germany), according to the manufacturer’s instructions. The optical density (O.D. 450 nm) ratios were interpreted as follows: ≥ 1.1, positive; ≥ 0.8 to < 1.1, borderline; < 0.8, negative.





Quantification of serum cytokines

The levels of IL-6, monocyte chemoattractant protein (MCP)-1, interferon-gamma (IFN-γ), and tumor necrosis factor-alpha (TNF-α) were measured in serum samples using the Human IL-6 ELISA Kit II (#550799, BD Biosciences, San Jose, CA, USA), Human MCP-1 ELISA Kit (#559017, BD Biosciences), Human IFN-γ Quantikine ELISA Kit (R&D Systems, Inc., Minneapolis, MN, USA), and Human TNF ELISA Kit (#550610, BD Biosciences) respectively, according to the manufacturer’s instruction.

A previous study set the threshold of IL-6 > 406 pg/mL for predicting intensive care unit (ICU) mortality of COVID-19 patients (11). Therefore, in our study, patients were classified as the high IL-6 group if their peak IL-6 levels were over 400 pg/mL; otherwise, they were classified as the low IL-6 group.





Detection of SARS-CoV-2 RNA using qRT-PCR

Viral RNA was extracted from nasopharyngeal swab samples using the QIAamp Viral RNA Mini kit (Qiagen, Hilden, Germany), according to the manufacturer’s instructions. Briefly, 140 μL of nasopharyngeal swabs was mixed with 560 μL of lysis buffer and incubated for 10 min at 37°C. The supernatant containing the viral RNA was purified, and the extracted RNA was eluted in 50 μL of elution buffer and stored at –70°C until use. qRT-PCR for detection of SARS-CoV-2 was performed using the QPLEX™ COVID-19 Test (QMCOVID02, QuantaMatrix Inc., Seoul, Republic of Korea). A 20 μL of PCR mixture contained 10 μL of 2× One-step Premix, 5 μL of Oligo Mix, 5 μL of extracted RNA, and primer and probe sequences targeting the RdRp gene of SARS-CoV-2. Thermal cycling was performed at 25°C for 10 min for the uracil-DNA glycosylase incubation step, at 52°C for 5 min for the reverse transcription step, followed by 95°C for 10 sec, 5 cycles of pre-amplification (95°C for 10 sec and 55°C for 30 sec), and 35 cycles of the PCR reaction (95°C for 10 sec and 55°C for 30 sec) using the CFX-96 In Vitro Diagnostics Real-Time PCR System (Bio-Rad Laboratories, Inc., Hercules, CA, USA). A cycle threshold (Ct) value higher than 32 was defined as negative.





Peripheral blood mononuclear cells isolation

Human peripheral blood mononuclear cells (PBMCs) were isolated from heparinized blood by Ficoll–Plaque PLUS (1.077 g/mL; GE Healthcare Life Sciences, Piscataway, NJ, USA) density gradient centrifugation. Purified PBMCs were cryopreserved in 50% fetal bovine serum (FBS), 10% dimethyl sulfoxide, and 40% RPMI-1640 (all reagents from Thermo Fisher Scientific, Waltham, MA, USA) at 5 × 106 cells/mL and thawed prior to use (12).





Flow cytometric analysis

After thawing the PBMCs, cells were pelleted by centrifugation and resuspended in phosphate-buffered saline (pH 7.4) supplemented with 1% FBS at a final density of 1 × 107 cells/mL. Cells were stained using brilliant violet 711 (BV711)–anti-human CD3 (clone, UCHT1), brilliant ultra violet 805 (BUV805)–anti-human CD14 (clone, MØpq), and allophycocyanin-H7–anti-human CD16 (clone, 3G8) antibodies (Abs) (all from BD Biosciences). Brilliant Stain Buffer (BD Biosciences) was added to each sample.

For the staining of activation markers and cytokines, the PBMCs (at 1 × 107 cells/mL) were stimulated with 50 ng/mL of phorbol 12-myristate 13-acetate and 1 μg/mL of ionomycin (both reagents from Sigma-Aldrich, St. Louis, MO, USA) and then, 1 h later, treated with BD Golgistop™ (Monensin, BD Biosciences) for an additional 3 h. BV605–anti-human CD4 Ab (clone, OKT-4; Biolegend, San Diego, CA, USA) was applied concomitantly during stimulation. Stimulated cells were stained with BV711–anti-human CD3 (clone, UCHT1), BUV496–anti-human CD8 (clone, RPA-T8), BUV395–anti-human PD-1 (clone, MIH4), and phycoerythrin (PE)-cyanine-5–anti-human HLA-DR (clone, G46-6) Abs (all from BD Biosciences). After fixation and permeabilization with the Cytofix/Cytoperm kit (BD Biosciences), cells were incubated with the PE–anti-human IFN-γ Ab (clone, B27; BD Biosciences). Samples were acquired on a BD LSRII flow cytometer (BD Biosciences) and analyzed using FlowJo software version 10.7.1 (TreeStar, Ashland, OR, USA). The percentages of target cell populations in unstimulated specimens were subtracted from those in stimulated specimens (13).





Statistical analyses

The experimental data were presented as the median with interquartile range (IQR). The Mann–Whitney U test was used to compare continuous variables. Statistical analyses were conducted using SPSS Statistics, version 26.0 (IBM Corp., Armonk, NY, USA). P-values < 0.05 were considered as a measure of statistical significance. GraphPad Prism 9 (GraphPad Software, La Jolla, CA, USA) was used to generate graphs.






Results




Study participants and kinetics of serum SARS-CoV-2 antibody

A total of nine patients with critical COVID-19 were enrolled during the study period (Table 1). The high IL-6 group included five (55.6%) patients and the low IL-6 group included four (44.4%) patients (Table 1). Among the nine patients, seven patients (77.8%) were male and the median (range) age was 70 (58–84). All patients had multiple underlying comorbidities, such as hypertension (6/9, 66.7%) or diabetes mellitus (5/9, 55.6%) and were fully vaccinated with the AZD1222 (5/9, 55.6%) or BNT162b2 (4/9, 44.4%); the diagnosis of COVID-19 was made more than 14 days after their second vaccine dose (14). All patients were treated with remdesivir and steroids, and four (44.4%) patients were treated with tocilizumab. Two (2/5, 40%) patients from the high IL-6 group and one (1/4, 25%) patients from the low IL-6 group required mechanical ventilation, although all patients enrolled in this study made a full recovery.


Table 1 | Clinical information of study participants.



The kinetics of viral load, the anti-S1 IgG and CRP levels, and the use of immune modulators in the high and low IL-6 groups are presented in Supplementary Figure S1A, B, respectively. The day of HFNC oxygen therapy initiation was designated as day 0. We found that the viral load decreased with time and all patients acquired anti-S1 IgG during their clinical course. In most patients, the level of CRP peaked near the onset of critical illness. Serial serum samples were used to evaluate cytokine levels and representative PBMC samples were used for the characterization of the cellular immune response.





Cytokine levels and kinetics vary according to IL-6 response

The levels of cytokines (IL-6, MCP-1, IFN-γ, and TNF-α) and CRP according to the groups are shown in Figures 1A, B, respectively. The cytokine levels measured within 0−5 days of initiating high flow nasal cannula oxygen therapy, at the closest point to the onset of critical illness, have been presented. The specific time point during the clinical course is indicated with pink arrows in Supplementary Figure S1A, B, allowing for a simultaneous evaluation with the administration of immune modulators. The levels of IL-6 and IFN-γ were significantly higher in the high IL-6 group than in the low IL-6 group (median [IQR], 419 pg/mL [283–710] vs. 63 pg/mL [11–107], P = 0.016; 6.11 pg/mL [4.84–12.04] vs. 1.16 pg/mL [0.00–2.56], P = 0.016, respectively). While not statistically significant, the levels of MCP-1 and CRP were also higher in the high IL-6 group than in the low IL-6 group (median [IQR], 6,700 pg/mL [2,535–8,417] vs. 1,492 pg/mL [615–1,684], P = 0.111; 9.49 mg/dL [5.69–27.61] vs. 5.49 mg/dL [3.60–8.40], P = 0.191, respectively). The levels of TNF-α did not show significant difference between the high and low IL-6 groups (median [IQR], 0.08 pg/mL [0.00–27.53] vs. 1.36 pg/mL [0.32–41.89], P = 0.714).




Figure 1 | Levels of cytokines and inflammatory marker in patients with critical COVID-19. (A) The levels of interleukin (IL)-6, monocyte chemoattractant protein (MCP)-1, interferon (IFN)-γ, and tumor necrosis factor (TNF)-α in the high IL-6 (n = 5) and low IL-6 (n = 4) groups. (B) Levels of C-reactive protein (CRP) in the high IL-6 and low IL-6 groups. Vertical and horizontal lines indicate the median with the interquartile range. The cytokine and CRP levels at the closest point to the onset of critical illness (within 0–5 days of high flow nasal cannula oxygen therapy initiation) are shown.



The kinetics of cytokine levels in individual patients are presented in Supplementary Figure S1C, according to the days from critical illness. Overall, the low IL-6 group had lower levels of IL-6, MCP-1, and IFN-γ than the high IL-6 group.





Monocyte subpopulation and cellular immune response against SARS-CoV-2

To provide a temporal context for the flow cytometric analysis samples in relation to the clinical course and immune modulator treatment, we marked the respective time points with green arrows in Supplementary Figure S1A, B. The high IL-6 group showed a higher frequency of intermediate monocytes (CD14+CD16+) compared to the low IL-6 group, although the difference was not statistically significant (%, median [IQR], 1.51 [0.59–11.20] vs. 1.24 [0.82–1.88], P = 0.730; Figure 2A). On the other hand, the high IL-6 group had higher frequencies of IFN-γ+ in CD4+ and CD8+ T cells compared to the low IL-6 group (%, median [IQR], 7.07 [3.12–13.35] vs. 5.09 [2.24–10.73], P = 0.730; 23.6 [13.6–59.8] vs. 22.7 [9.7–30.5], P = 0.730; Figure 2B).




Figure 2 | Proportion of monocyte subpopulation and expression levels of cytokine and activation markers in T cells. (A) Representative flow cytometry dot plots showing the identification of intermediate monocytes (CD14+CD16+) in the high IL-6 (n = 5) and low IL-6 (n = 4) groups. (B) Representative flow cytometry dot plots showing the identification of IFN-γ+ CD4+ T cells and CD8+ T cells in the high IL-6 and low IL-6 groups. (C) Representative flow cytometry dot plots showing the identification of HLA-DR+PD-1+ CD4+ T cells and CD8+ T cells in the high IL-6 and low IL-6 groups. Numbers indicate population frequencies as the median with interquartile range.



Regarding activated T cells based on the expression of HLA-DR and PD-1, the high IL-6 group had a slightly higher proportion of HLA-DR+PD-1+ CD4+ T cells compared to the low IL-6 group, although the difference was not statistically significant (%, median [IQR], 0.27 [0.08–0.49] vs. 0.25 [0.12–0.27], P = 0.492). In contrast, the high IL-6 group had a lower proportion of HLA-DR+PD-1+ CD8+ T cells compared to the low IL-6 group, but the difference was not statistically significant either (%, median [IQR], 0.18 [0.09–0.33] vs. 0.25 [0.08–0.43], P = 0.730; Figure 2C). The flow cytometric data from all samples are presented in Supplementary Figure S2.






Discussion

In this study, we found that patients with critical COVID-19 can be classified by two distinctive groups in terms of cytokinemia and T-cell activation levels, according to their levels of serum IL-6. The high IL-6 group had higher levels of pro-inflammatory cytokines and cellular immune responses than the low IL-6 group. The hypercytokinemia and T-cell hyperactivation of the high IL-6 group suggest that immunological features could differ among patients with critical COVID-19, despite similar clinical characteristics.

Since IL-6 is considered as an important immunological factor in severe/critical COVID-19 (15, 16), clinical trials of tocilizumab for the treatment of severe COVID-19 have been conducted. For instance, the RECOVERY trial found that tocilizumab improved the clinical outcomes of COVID-19 patients with hypoxia (oxygen saturation < 92%) and CRP levels ≥ 7.5 mg/dL (17). However, other studies did not show the efficacy of tocilizumab in patients with severe COVID-19 (9, 10). One retrospective study also reported that the early use of tocilizumab was associated with improvement of oxygenation in patients with high IL-6 levels (18). These conflicting results led us to perform the present study, to elucidate whether certain immunological features, and especially the IL-6 response, differed among patients with critical COVID-19.

Results from the early phase of SARS-CoV-2 pandemic suggested that the host immune response, such as levels of cytokinemia, might play an important role in the pathogenesis of severe COVID-19 (19). For instance, the plasma levels of several cytokines, including MCP-1 and TNF-α, were shown to be higher in ICU than non-ICU COVID-19 patients (16). Another study demonstrated that the levels of several cytokines (e.g., IL-6, IL-10, and MCP-1) positively correlated with COVID-19 severity; moreover, MCP-1 was correlated with days on mechanical ventilation (20). A previous study has shown that increased levels of IL-6 are strongly associated with disease severity at admission and the need for ICU care in COVID-19 patients, regardless of age (21). In our present study, we aimed to demonstrate that cytokine levels could vary significantly among critically ill COVID-19 patients, using serum IL-6 levels as a surrogate marker. Our findings suggest that IL-6 could be an important marker for classifying COVID-19 patients, even after the general population has been vaccinated, as all patients in our study were vaccinated.

In addition, we detected higher frequencies of intermediate monocytes (CD14+CD16+) in the high IL-6 group than in the low IL-6 group. Intermediate monocytes expand in patients with systemic infection and secrete cytokines, such as TNF-α, IL-1β, and IL-6, implying their role in pathogen defense (22). A previous study suggested that CD14+CD16+ monocytes may exhibit dysregulated production of IL-6 (23). Another study also reported that monocyte-mediated hypercytokinemia is prominent in critical COVID-19 (24). Moreover, the frequencies of intermediate monocytes were higher in COVID-19 patients admitted to ICU (5). The higher levels of cytokines in the high IL-6 group might therefore correlate with the higher frequency of intermediate monocytes.

We showed that the high IL-6 group exhibited stronger cellular immune responses than the low IL-6 group, based on the expression of cytokines and T-cell activation markers. Although T-cell hyperactivation is a key immunological feature of severe COVID-19 (3, 25), the results of the present study suggest that the magnitude of T-cell responses could vary even in clinically similar critical COVID-19. Corticosteroid might attenuate T-cell responses as well as cytokinemia in critical COVID-19, however, we could find distinctive two groups of critical COVID-19 in this study.

In conclusion, we identified that patients with critical COVID-19 could be divided into two groups with different degrees of cytokinemia and T-cell responses, according to their serum IL-6 levels. Our results suggest that a more tailored use of immune modulators should be sought in the treatment of critical COVID-19.
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Introduction

Extracellular vesicles (EVs) and particles (EPs) represent reliable biomarkers for disease detection. Their role in the inflammatory microenvironment of severe COVID-19 patients is not well determined. Here, we characterized the immunophenotype, the lipidomic cargo and the functional activity of circulating EPs from severe COVID-19 patients (Co-19-EPs) and healthy controls (HC-EPs) correlating the data with the clinical parameters including the partial pressure of oxygen to fraction of inspired oxygen ratio (PaO2/FiO2) and the sequential organ failure assessment (SOFA) score.





Methods

Peripheral blood (PB) was collected from COVID-19 patients (n=10) and HC (n=10). EPs were purified from platelet-poor plasma by size exclusion chromatography (SEC) and ultrafiltration. Plasma cytokines and EPs were characterized by multiplex bead-based assay. Quantitative lipidomic profiling of EPs was performed by liquid chromatography/mass spectrometry combined with quadrupole time-of-flight (LC/MS Q-TOF). Innate lymphoid cells (ILC) were characterized by flow cytometry after co-cultures with HC-EPs or Co-19-EPs.





Results

We observed that EPs from severe COVID-19 patients: 1) display an altered surface signature as assessed by multiplex protein analysis; 2) are characterized by distinct lipidomic profiling; 3) show correlations between lipidomic profiling and disease aggressiveness scores; 4) fail to dampen type 2 innate lymphoid cells (ILC2) cytokine secretion. As a consequence, ILC2 from severe COVID-19 patients show a more activated phenotype due to the presence of Co-19-EPs.





Discussion

In summary, these data highlight that abnormal circulating EPs promote ILC2-driven inflammatory signals in severe COVID-19 patients and support further exploration to unravel the role of EPs (and EVs) in COVID-19 pathogenesis.





Keywords: COVID-19, SARS-CoV-2, extracellular vesicles and particles, innate lymphoid cells, type 2 innate lymphoid cell, lipidomic
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Introduction

Coronavirus disease 2019 (COVID-19) is caused by Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). Although most infected patients have mild to moderate symptoms or are even asymptomatic, older patients and those with pre-existing chronic diseases (e.g., hypertension, diabetes, obesity) are at greater risk of developing serious complications, such as pneumonia, cytokine storm and multiple organ failure (1, 2).

The critical production of (pro)inflammatory cytokines and chemokines detected during COVID-19 infection is mainly responsible for the broad and uncontrolled tissue damage observed in patients (3–11). Along with cytokine storm, immune dysregulation with quantitative abnormalities and impaired functional activity of innate and adaptive immune cells including innate lymphoid cells (ILC), monocytes/macrophages, dendritic cells, NK cells and T/B cells has been observed in COVID-19 patients (6, 12–14).

Specifically, ILC play a pivotal role in immune surveillance and form the front line of immune defense. Natural killer cells (NK), one of the ILC subsets belonging to the group 1 ILC (15), are known to perform lytic functions, instead ILC1, ILC2, and ILC3 subsets have mainly helper functions through secretion of Type 1, Type 2 and Type 17 cytokines, respectively (16, 17). In peripheral blood, an additional subset of ILCs has been identified and named ILC precursor (ILCP) because of its ability to give rise, both in vitro and in vivo, to all ILC subsets (18). ILC are largely depleted from the circulation of COVID-19 patients (13, 19). The remaining circulating ILC reveal decreased frequencies of ILC2 in severe COVID-19, with a concomitant decrease of ILCP, as compared with HC. ILC2 and ILCP show an activated phenotype with increased CD69 expression which is positively correlated with the levels of IL-6 and IL-10, while frequencies of ILC subsets are correlated with clinical and biochemical laboratory parameters associated with disease severity (19, 20). However, the mechanism(s) leading to altered ILC activation and/or function in COVID-19 is yet to be determined.

Extracellular vesicles (EVs) are lipid bilayer structures with a key role within the inflammatory network. They are released from a broad variety of cells during homeostasis and cell activation with pleiotropic effects on cell-cell signaling, by transferring bioactive molecules into recipient cells or by regulating the downstream signal cascades of receptors on target cells. Based on size and biogenesis, small and large EVs can be identified. EVs contain functionally relevant biomolecules such as proteins, nucleic acids and lipids. They have been detected in various biological fluids including blood (21–23).

Recently, it has been described that EVs are involved in SARS-CoV-2 infection (24, 25). Circulating platelet-derived EVs have been described to be increased in COVID-19 patients (26–28). EVs may be also involved in 1) virus entry and spreading through the expression of the SARS-CoV-2 receptors angiotensin-converting enzyme (ACE)-2 (29) and CD9 (30, 31), 2) immune dysregulation, cytokine storm development and maintenance (30), 3) inflammation and thrombosis (32). In addition, a diagnostic (33) and prognostic (34, 35) role of EVs has been suggested.

In this work, considering the EV identity defined by MISEV 2018 (22) and their heterogeneity, we collectively referred to them as extracellular particles (EPs). To further understand the impact of EPs on COVID-19 infection, here we studied the lipid cargo/phenotype of EPs in COVID-19 patients and the functional activity of circulating EPs on ILC in severe COVID-19 patients as reported by the Graphical Abstract.





Materials and methods




Patients’ characteristics

Ten COVID-19 patients, admitted to the Intensive Care Unit of the IRCCS Azienda Ospedaliero-Universitaria di Bologna, were enrolled in the study. Patients were diagnosed with COVID-19 using reverse-transcriptase polymerase chain reaction viral detection of oropharyngeal or nasopharyngeal swabs. We considered only critical patients for this study with respiratory failure and admitted to the intensive care unit with the need for mechanical ventilation.

Demographic and laboratory findings of all recruited COVID-19 patients are summarized in Table 1. In addition to age, sex, hospitalization duration, clinical outcome and date/timing of peripheral blood sample collection, patients were assessed for the presence or the absence of the following pre-existing medical condition: lung disease (asthma, chronic obstructive pulmonary disease (COPD)), heart disease (coronary artery disease, heart failure), peripheral vascular disease, hypertension, diabetes, obesity (BMI >30), kidney disease, autoimmune disorders, cancer, chemotherapy for cancer. Laboratory parameters at the time of sample collection were analyzed and the serum levels of ferritin, C-reactive protein, D-dimer, and lactate dehydrogenase were recorded for each patient as well as the number of white blood cells (WBC), platelets (PLT), hematocrit and hemoglobin.


Table 1 | Clinical and demographic characteristics of COVID-19 patients and HC.



Regarding COVID-19 disease severity parameters, the partial pressure of oxygen to fraction of inspired oxygen ratio (PaO2/FiO2) and the sequential organ failure assessment (SOFA) score were recorded. The use of specific COVID-19-targeted treatment has been also reported. Specimens from anonymous pre-screened healthy blood controls (HC; n=10), matched for sex and age, were collected from the blood donor center. This study was approved by the Ethics Committee of the IRCSS Azienda Ospedaliero-Universitaria di Bologna and written informed consent was obtained from all patients/controls enrolled in the study.





Blood sample collection and plasma preparation

Venous EDTA-blood was kept vertically at room temperature and processed within 1 hour. After the first centrifugation of 15 min 2,500 x g at room temperature, plasma was collected and subjected to second centrifugation of 15 min 2,500 x g at room temperature to obtain platelet-free plasma. Platelet-free plasma was then stored at -80°C until use.





EP isolation

Samples were defrosted at room temperature and EP isolation was achieved by size-exclusion chromatography (SEC; qEVoriginal/70 nm Gen 2 Column, Izon) following the manufacturer’s instructions. In brief, the column was equilibrated with PBS before loading the sample (500 µl) on top of the column. Next, four fractions were collected after void volume. Then, where indicated, EP-enriched fractions were pooled for maximizing yield for downstream experiments using MWCO 30 kDa Amicon Ultra-2 Centrifugal Filters (Millipore, Merck, USA). Finally, all samples were used or stored at -80°C until use. The protein content of the EPs was determined using the Bradford assay according to the manufacturer’s instructions.





EP lipid extraction and LC/MS Q-TOF analysis

The EP lipidome was quantified using an untargeted lipidomic approach. Specifically, lipids were extracted from EP samples according to the one-phase extraction method described by (36) with minor modifications. In brief, 18mL of MMC extraction solvent was prepared by adding 5mL of methanol (MeOH), 6mL of chloroform (CHCl3), 6mL of metil-t-butil etere (MTBE) and 1mL of Internal Standard mixture Splash I Lipidomix (Avanti Polar Lipids, USA) diluted 1:10 in MeOH. Each sample was added with 600 μl of MMC, vortexed for 10 seconds and shaken at 1600 rpm at 20°C in a T-Shaker (Euroclone). At the end, the tubes were centrifuged for 20 min at 16,000 x g at 4°C. The supernatant was transferred to a 1.5mL glass vial and flushed to dryness with a gentle stream of nitrogen. The residue was resuspended with 200 μl of a 9:1 mixture (MeOH/Toluene) and subjected to LC/MS Q-TOF analysis.

LC/MS Q-TOF analysis was carried out according to (37), after adaptation to the different instrumental configurations and using a 1260 Infinity II LC System coupled with an Agilent 6530 Q-TOF spectrometer (Agilent Technologies, Santa Clara, CA USA). Separation was carried out on a reverse phase C18 column (Agilent InfinityLab Poroshell 120 EC-C18, 3.0 × 100 mm, 2.7 µm) at 50°C and 0.6 mL/min flow. Mobile phase consisted of a mixture of water (A), Acetonitrile (can) (B), MeOH (C) and Iso-propanol (IPA) (D) all containing a concentration of 10 mM ammonium acetate and 0.2 mM of ammonium fluoride except for ACN. Gradient was time 0-1 min isocratic at A 27%, B 14%, C 24%, D 35%; time from 1 to 3.5min: linear gradient to A 12.6%, B 17.2%, C 27.2%, D 43%; time 3.5-10 min isocratic; time from 10 to 11 min: linear gradient to A 0%, B 20%, C 30%, D 50%; time 11-17 min isocratic; time 17-17.1 min: linear gradient to A 27%, B 14%, C 24%, D 35%; time 20 min: stop run. Spectrometric data were acquired in the 40-1700 m/z range both in negative and positive polarity. An iterative MS/MS acquisition mode on three technical replicates for each sample was used. The Agilent JetStream source operated as follows: Gas Temp (N2) 200°C, Drying Gas 10 L/min, Nebulizer 50 psi, Sheath Gas temp: 300°C at 12 L/min. MS/MS spectra were obtained using N2 at 30V CE.

Acquired raw data were processed using the MS-DIAL software (4.48) (38) to perform peak-picking, alignment, annotation and quantification. Lipid annotation and quantification were carried out according to the recommendations of Lipid Standard Initiative (39).

At the end of the workflow, a data matrix containing the concentration in nmol/mL of the annotated lipids distributed over various lipid classes was obtained. The tool LipidOne was used to perform an in-depth analysis in lipid compositions, called lipid building blocks (40). The volcano plot and network graphs were created with Excel (Microsoft) and Graph Editor (https://csacademy.com/app/graph_editor/) by processing the data obtained with LipidOne. MetaboAnalist 5.0 web platform was used to perform multivariate statistical and chemoinformatic analysis (41).





MACSPlex

MACSPlex analysis was performed using the MACSPlex Exosome Kit, human (Miltenyi Biotec, Bergisch-Gladbach, Germany) according to the manufacturer’s instructions. Briefly, EP-enriched pool were diluted with MACSPlex buffer and MACSPlex Exosome Capture Beads were added. After overnight incubation at room temperature in agitation, MACSPlex Exosome Detection Reagent for CD9, CD63, and CD81 were added to each sample followed by incubation for 1 hour at room temperature. Flow cytometric analysis was carried out on a CytoFLEX flow cytometer followed by Kaluza Analysis 2.1 (Beckman and Coulter Life Sciences, CA, USA). Exosomal surface epitope expression (median APC fluorescence intensity) was then recorded. Median fluorescence intensity (MFI) was evaluated for each capture bead subsets and corrected by subtracting the respective MFI of blank control (PBS, vehicle) and normalized by the mean MFI of CD9, CD63, and CD81.





Plasma cytokine concentration

Plasma from HC and COVID-19 patients were analyzed using BioLegend’s LEGENDplex™ bead-based immunoassays to quantify IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-13, IL-17A, IL-17F, IL-22, IFN-γ and TNF-α (Human Th Cytokine Panel (12-plex)) and to quantify IL-1β, IL-6, TNF-α, IP-10, IFN-λ1, IL-8, IL-12p70, IFN-α2, IFN-λ2/3, GM-CSF, IFN-β, IL-10 and IFN-γ (Human Anti-Virus Response Panel (13-plex)). A customized Human Th Cytokine Panel, including only IL-4, IL-5, IL-9, IL-10 and IL-13, was also used to quantify these cytokines in the supernatants of in vitro stimulated ILC2. The analyses were performed according to the manufacturer’s instructions.





ILC phenotype, isolation and expansion

ILC were identified by flow cytometry using the following antibodies:

FITC-conjugated anti-CD3 (clone: UCHT1), anti-CD4 (clone: RPA-T4), anti-CD8 (lot: 276276, Immunotools), anti-CD14 (clone: HCD14), anti-CD15 (clone: HI98), anti-CD16 (lot: 7464017, Beckman Coulter), anti-CD19 (clone: HIB19), anti-CD20 (clone: 2H7), anti-CD33 (clone: HIM3-4), anti-CD34 (clone: 561), anti-CD203c (clone: NP4D6), anti-FcϵRI (clone: AER-37) all from Biolegend); BUV737-conjugated anti-CD56 (clone: NTAM16.2, BD); BV421-conjugated anti-CD127 (clone: A019D5, Biolegend); BV605-conjugated anti-CD117 (cKit, clone: 104D2, Biolegend); BUV395-conjugated anti-CRTH2 (clone: BM16, BD Biosciences). Total ILC were identified as Lineage- (CD3-, CD4-, CD8-, CD14-, CD15-, CD16-, CD19-, CD20-, CD33-, CD34-, CD203c-, FcϵRI-), CD56-, CD127+ lymphocytes. From total ILC, ILC1 were identified as CRTH2-cKit-, ILC2s as CRTH2+cKit+/- and ILCP as CRTH2-cKit+. The gating strategy is shown in Supplementary Figure S1.

ILC2 phenotype was analysed by using: APC-conjugated anti-CD69 (clone: FN50, BD Biosciences); BV650-conjugated anti-CD38 (clone: HB7, Biolegend); BV785-conjugated NKG2D (clone: 1D11, Biolegend). Dead cells were always excluded using a viability dye. Samples were acquired on a LSRFortessa flow cytometer (BD Biosciences) and data were analysed using FlowJo software V10.8.1 (TreeStar). For immunophenotyping, each marker was analysed on the PBMCs of at least 4 different donors.

ILC2 were isolated by Fluorescence Activated Cell Sorting (FACS) on a FACS Aria III (BD) from HC and expanded in StemSpanTM Serum-Free Expansion Medium II (SFEMII, from STEMCELL Technologies) in the presence of IL-2 (100U/ml) and IL-7 (10ng/ml, both from PeproTech).





EP/ILC2 co-culture assay

ILC2 were stimulated with a cytokine cocktail (IL-2, IP-10, IL-8, IL-6 at 20U/ml, 100ng/ml, 100ng/ml, 20ng/ml, respectively, PeproTech) alone or in combination with EPs isolated from either HC or COVID-19 patients. We set up co-cultures using a concentration of EPs ranging from 2 to 10 μg, that we tested not to kill the cells (data not shown). Supernatants were collected after 48 hours and cytokines were measured using a bead-based immunoassay flow assay, as stated above.





Statistics

All data are composed of at least three independent experiments. Data were analyzed with Graphpad Prism 9.4.1 for Windows (GraphPad Software, Inc., La Jolla, CA, USA). Due to the small sample size, the data were analyzed using the non-parametric Mann-Whitney test where two groups were compared and the non-parametric Kruskal-Wallis test followed by Dunn’s posthoc test where more than two groups were compared. P-values ≤ 0.05 were considered statistically significant and are indicated in the graphs as reported by the analysis software: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.






Results




Multiplex protein analysis shows altered EP surface signatures in severe COVID-19 patients and reveals a Co-19-EP identikit

To detect any signal produced by cells in the circulation after COVID-19 infection, we firstly evaluated the proteins expressed on the surface of the plasma-derived EPs isolated from COVID-19 patients (Co-19-EPs) and HC (HC-EPs) using bead-based multiplex EV analysis. Considering the overall median fluorescence intensity (MFI) for specific EV markers (i.e., tetraspanins CD63, CD9 and CD81; Figure 1A) we observed that only EV-specific tetraspanin CD81 was significantly higher in COVID-19 patients than controls (P<0.05). Similarly, the epithelial cell adhesion molecule CD326 (EpCAM) was significantly higher (P<0.01) in EPs derived from COVID-19 patients than in controls (Figure 1B). Conversely, among differentially expressed epitopes we also found lower expression for CD19, CD24 (B-cell related markers) and ROR1 (stemness marker) in EPs from patients than in controls (Figures 1C–E). In particular, most of the immunological-related proteins (CD1c, CD2, CD4, CD11c, CD20, CD25, CD69, CD86, CD209) as well as the hemopoietic marker (CD45) showed either very low expression or were not detected in both groups. Overall, the graph reported in Supplementary Figure S2 shows the MFI for each marker detected.




Figure 1 | Comparison between EPs from COVID-19 patients (n=10) and HC (n=10) using MACSPlex exosome kit. Background-corrected median APC fluorescence intensity (MFI) for selected markers: (A) tetraspanins (CD9, CD63, CD81), (B–E) the only significantly different markers between COVID-19 patients and controls (CD326, CD19, CD24, ROR1). (F) Superimposed graph with background-corrected median APC fluorescence intensity normalized to exosome marker mean (CD9, CD63, CD81) for all 37 surface epitopes on the different purified EP preparations comparing patients and controls. *p<0.05, **p<0.01, ***p<0.001, ****p<0.001.



Then, we tested the MFI of individual markers after normalization to the mean MFI of the specific EV markers (namely CD9, CD63, and CD81) (nMFI; Figure 1F). In addition to the above-described markers (ROR1 and CD24, respectively), we observed that Co-19-EPs differed from controls for the other three markers including CD9 (tetraspanin, P<0.01), HLA-DR/DP/DQ (MHC-II, leukocyte, P<0.05), and CD146 (endothelial, P<0.05). All of them were relatively lower in Co-19-EPs compared to HC-derived EPs. CD326 (EpCAM) expression was detected only on Co-19-EPs (P<0.01).

Therefore, these data indicate that a phenotype-based signature on EPs may distinguish severe COVID-19 patients from HC suggesting further investigations on circulating EPs.





Circulating EPs from severe COVID-19 patients reveal abnormal lipidomic profiling

Within EV cargos, lipids are suggested to be involved in EV formation and biological functions (42). To investigate the cargo of circulating Co-19-EPs and eventually how SARS-CoV-2 might influence their cargo, untargeted lipidomic analyses were performed on EPs isolated from the plasma of COVID-19 patients and HC. Lipidomic analysis revealed 1112 lipid species annotated at the molecular species level, grouped into 26 lipid classes. As reported in Table 2, we found that almost 70% of the EP-associated lipids are free fatty acids (FA) (28%), cholesteryl ester (CE) (16%), triacylglycerol (TG) (13%) and phosphatidylcholine (PC) (12%). The most significantly different lipid classes between patients and HC were FA, CE, TG, PC, ceramide (Cer), diacylglycerol (DG), lysophophatidylcholine (LPC) and sphingomyelin (SM). Indeed, the volcano plot showed that the amount of SM, HexCer, LPC and Cer is lower (P<0.001, respectively) while that of phosphatidylmethanol (PMeHO; P = 0.0008) and phosphatidic acid (PA; P = 0.0004) is higher in Co-19-EPs compared to HC-EPs (Figure 2A). Using known biosynthetic pathways as a reference in Figure 2B we show some metabolic pathways activated in COVID-19 patients. Interestingly, we found an inverse correlation between O-acyl-R-carnitine (CAR) and EP markers expressed on Co-19-EPs such as CD3, CD56, and HLA-ABC. Also, lysophosphatidylethanolamine (LPE) reported a negative correlation with the expression of CD4 on Co-19-EPs. By contrast, CE positively correlated with CD86 expression on Co-19-EPs whereas PG lipid class correlated with the exosomal expression of CD81 (Figure 2C).


Table 2 | Summary of lipidomic data.






Figure 2 | (A) Volcano plot of lipid classes. Top left and top right show the lipid classes overexpressed in Co-19-EPs and HC-EPs, respectively. (B) Network of transformations between lipid classes: significant changes (P<0.05) between lipid classes can be interpreted using known biochemical pathways as reference. Both graphs were made with Excel and Graph Editor from data produced with the lipid class overview fiction of LipidOne. The numbers in the diagram indicate the intensity of the reaction on an arbitrary scale. (C) Table reporting the association between lipid classes and MFI of markers on Co-19-EPs using Spearman’s correlation analysis and presented as rank coefficient (r) and P value. Volcano plot of the ratio of oxidized/reduced species (D) and the ether/ester-linked ratio (E). The figure shows that the phosphatidylethanolamine (PE), phosphatidylcholine (PC) and Phosphatidylglycerol (PG) classes contain oxidized species and that EPs from COVID-19 patients are enriched in these oxidized species (P<0.01). In contrast, EPs from HC are enriched in lipid classes containing ether linkages (PE, diacylglycerol (DG), phosphatidylserine (PS) and PC) (P<0.01).



In addition, we identified the presence of oxidized molecular species using the LipidOne analyses. We reported the oxidized/unoxidized species ratio or the Ether/Esters linked ratio within each lipid class. The results are represented with the volcano plot showing that EPs from COVID-19 patients are enriched in selected lipid classes that contain oxidized lipid chains including phosphatidylethanolamine (PE; P<0.001), PC and phosphatidylglycerol (PG) (P<0.01) (Figure 2D). Conversely, considering the Ether/Ester ratio within the 27 lipid classes, only the phospholipids were found to contain ether bonds with enrichment on the PE class in HC (P<0.001; Figure 2E).

The entire lipidomic dataset was then processed using the MetaboAnalyst platform to perform univariate and multivariate analyses on lipid species. The most prominent observation reported from both the Volcano Plot and the Heat Map (Figures 3A, B) was a significant depletion of specific molecular species belonging to the following classes: SM, Cer and some Ether-phospholipids (PE-O) in COVID-19 patients. Indeed, as depicted by the heat map, several sphingolipids (e.g., SM 16:1:20_15:0; SM 22:1:20_8:0, SM 17:1:20_22:0; SM 18:1:20_14:0) were deeply underexpressed in Co-19-EPs. By contrast, several species of diacylglycerols (DG: DG 18:1_24:6/DG 18:1_20:4) and triacylglycerols (TG: TG 18:1_18:2_18:3/TG 20:0_18:1_18:2) were more abundant in Co-19-EPs. Overall data confirmed a pattern that determined the formation of the two clusters as shown in PCA (Figure 3C) and PLS-DA (Figure 3D) analyses. In both, the first component explains about 21% of the variance in the data. Next, despite the low number of patients, we explored any difference in specific lipids between survivors and non-survivors COVID-19 patients. Of note, we observed specific lipid enrichments discriminating survivors and non-survivors including bis(monoacylglycero)phosphate (BMP) 33:0; O-acyl-R-carnitine (CAR) 17:2; CE 17:4; DG 48:2; N-acylethanolamine (NAE) 20:2 (P<0.05, respectively). Also, within TG species, two TGs were significantly up-regulated in non-survivor COVID-19 patients (TG 40:1; TG 40:2, P<0.05) (Figure 3E).




Figure 3 | Volcano Plot (A), Heat Map (B), Principal Component Analysis (PCA) (C) and Partial least squares-discriminant analysis (PLS-DA) (D) of Lipidomic dataset for EPs from COVID-19 patients and HC (n=10, respectively). (E) Significant difference ins specific lipid species (namely Bis(monoacylglycero)phosphate (BMP), O-acyl-R-carnitine (CAR)17:2, diacylglycerol (DG) 48:2, triacylglycerol (TG) 40:1, TG 40:2, N-acylethanolamine (NAE) 20:2) between survivors and non-survivors COVID-19 patients (n=7 vs n=3). *P<0.05.



Overall, we demonstrated that lipidome from EPs distinguishes severe COVID-19 patients from HC.





Specific lipid species detected in circulating Co-19-EPs correlate with disease aggressiveness scores

To explore the clinical impact of EP lipidome in COVID-19 patients, we investigated whether the lipidome profile of EPs was associated with disease severity parameters including SOFA and PaO2/FiO2 scores.

As stated above, we observed a strong depletion of SM lipid class in Co-19-EPs (Figure 3). Interestingly, we found a negative correlation between SM class and SOFA score (r= -0.82, P = 0.009) (data not shown). Taking into account the individual lipid species, Spearman’s correlation analysis revealed that patients with higher SOFA scores had low levels of several lipids’ species including SM 41:1;2O; SM 40:2;3O; SM 42:1;2O; SM 43:1;2O; SM 43:2;2O, monosialodihexosylganglioside (GM3) 38:1;2O and HexCer 42:2;3O. Notably, CL 86:0 reported the strongest negative association with SOFA score (r=-0.93, P = 0.0008). By contrast, specific DG and FA were positively correlated with SOFA scores (fatty acid esters of hydroxy fatty acids (FAHFA) 28:4;O/FA 34:0/DG 33:7 DG 36:6) (Supplementary Table S1).

Correlation analysis was also performed to detect any association with PaO2/FiO2 values. Regarding individual lipid species, we observed that FAHFA 22:0;O and two LPCs (LPC O-16:1, LPC O-18:1) were positively associated with PaO2/FiO2 score. Also, lipid species (SM 41:1;2O; SM 40:2;3O) were both positively correlated to PaO2/FiO2 score. Of interest, PE 40:3;O and phosphoinositides (PI) O-39:5 levels reported an inverse correlation with PaO2/FiO2 values (Supplementary Table S2).

Next, we investigated any relation between the expression of markers on Co-19-EPs and lipid cargo and clinical features. Both LPC O-16:1 and LPC O-18:1 lipid species, detected in Co-19-EPs, showed a positive association with MFI of CD8 in Co-19-EPs (r = 0.75, P = 0.01 and r = 0.90, P= 0.0008, respectively). Accordingly, a similar trend was found between CD8 MFI in Co-19-EPs and PaO2/FiO2 failure score (r = 0.87, P= 0.002) (Figures 4A, B).




Figure 4 | Association between lipid species or clinical score with MFI of markers on Co-19-EPs using Spearman’s correlation analysis. (A) Correlations between lipid specie lysophosphatidylcholine (LPC) O-16:1 with CD8 MFI on Co-19-EPs (P = 0.01, r = 0.75). A similar association was reported for LPC O-18:1 found in Co-19-EPs and CD8 MFI on Co-19-EPs (P=0.0008, r=0.90). (B) Correlation between PaO2/FiO2 score and CD8 MFI on Co-19-EPs (P=0.0017, r=0.87).



Taken together these data indicate that lipidomic profiling refines the accuracy of disease aggressiveness assessment among severe COVID-19 patients and supports the hypothesis that selective lipid species might act as a prognostic tool for (severe) COVID-19 patients.





Co-19-EPs reduce the cytokine production ability of ILC2

ILC are lymphocytes known to respond to a large variety of stimuli, including cytokines, nutrients, neuropeptides and tumor-derived factors (43, 44). In particular, ILC2 were shown to be sensitive also to lipid mediators and EV stimulation (13, 19). To understand whether ILC2 could respond differently to EPs from COVID-19 patients, we firstly analyzed the profile of circulating ILC of COVID-19 patients and HC. Specifically, as already shown by others, total ILC were decreased in COVID-19 patients in comparison to HC (Figure 5A). Although we did not see any significant differences in the ILC subset distribution between COVID-19 patients and HC within the ILC2 subset, we found a significant decrease in the cKithigh subpopulation, paralleled with a significant increase in the cKitlow population, in COVID-19 patients (Figures 5B, C). Because the cKitlow population has been proposed to be the ILC2 subpopulation more mature and fully committed (45, 46), our findings suggest that in COVID-19 patients only the ILC2 subset specifically secreting type 2 cytokines is enriched.




Figure 5 | Frequency of total ILC (A), (P<0.05), ILC subsets (B) and cKithigh vs cKitlow ILC2 (C), (P<0.05) in the circulation of HC and COVID-19 patients (n=6, respectively). Plasma cytokines levels of COVID-19 patients (n=10) and HC (n=10) (D). The plasma levels of IL-6 (P<0.0001); IL-10 (P<0.0001); IL-8 (P<0.01) and IP-10 (P<0.05) were significantly increased in COVID-19 patients. Significant difference reported for IL-5 plasma levels between non-survivors (n=3, grey dots) and survivor COVID-19 patients (n=7, P<0.05; purple squares) or HC (n=10, P<0.01; light blue dots) (E). *p<0.05, **p<0.01, ****p<0.0001



Next, we evaluated a total of 21 cytokines in plasma samples from patients with severe COVID-19 and HC (Figure 5D and Supplementary Figure S3). The plasma levels of IL-6 and IL-10 (P<0.0001, respectively) were significantly increased in patients with COVID-19 as compared to the HC (Figure 5D). Similarly, the levels of IL-8 (P=0.005), IP-10 (P=0.035) and IL-5 (P=0.01; Figure 5E) were higher in COVID-19 patients compared to HC. Comparing survivors and non-survivors, only IL-5 plasma levels were significantly increased in non-survivor COVID-19 patients (P=0.045) (Figure 5E). Furthermore, several Co-19-EP protein markers reported in Figure 1 were associated with plasma cytokine levels as reported in Figure 6. Most of the correlations reported were positive except for those between MFI CD3 with IL-2 and MFI SSEA-4 with IL-6. Of interest, among the significant plasma cytokines detected in COVID-19 patients, IL-8 showed a positive correlation with CD19, CD69 and ROR1 whereas IL-6 positively correlates with MFI CD24. Importantly, MFI CD63 expression on Co-19-EPs is linked to IL-5 plasma levels, the only cytokine different between survivor and non-survivor patients Figures 5E, 6.




Figure 6 | Correlation coefficient matrix heat map reporting any associations of plasma cytokines from COVID-19 patients (n=10). In figure, the color map with double gradient for Spearman correlation coefficient (significant values represented in purple for positive correlations and in light violet for negative correlations).



To understand whether the combination of the pro-inflammatory cytokines IL-6, IL-8 and IP-10 together with the EPs isolated from HC and COVID-19 patients could impact the cytokine secretion ability of ILC2, we isolated and expanded human ILC2 from HC in vitro and stimulated them with IL-6, IL-8, IP-10 alone or in the presence of either HC-EPs or Co-19-EPs. We found that, while the EPs from HC inhibit IL-5 and IL-10 production, the EPs from COVID-19 patients failed in downregulating these two cytokines, suggesting that the composition of the EPs isolated from COVID-19 patients was supporting the ILC2 activation status (Figures 7A, B). Indeed, when we compared the phenotype of ILC2 present in the PBMC of HC and COVID-19 patients, we found that COVID-19 patients’ ILC2 showed a more activated phenotype characterized by an increase in CD38 and CD69 expression and a trend for increased NKG2D (Figure 7C). CD38 upregulation was present both in the ILC2 cKitlow and cKithigh (Figure 7D–E).




Figure 7 | IL-5 (A) and IL-10 (B) secretion by short-term expanded ILC2 isolated from HC stimulated with cytokines (IL-6, IL-8 and IP-10) alone or in the presence of either HC-EPs or Co-19-EPs. HC-EPs inhibited IL-5 (P<0.05) and IL-10 (P<0.01) production. (C–E) Expression of the activation markers CD38, CD69 and NKG2D in total ILC2 (C) and in cKitlow (D) and cKithigh (E) ILC2 (4-6 different donors were analyzed for each marker). *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001



Altogether these data highlight that the presence of a well-known inflammatory microenvironment in severe COVID-19 patients might be reflected in more activated ILC2 producing high concentrations of both IL-5 and IL-10. Interestingly, at variance with HC-EPs, Co-19-EPs are unable to dampen the activation status of ILC2 in severe COVID-19 patients.






Discussion

In this study, we identify an EP-associated lipidomic and phenotypic signature of SARS-CoV-2 infected patients with severe disease. Most important, the EP lipid and their protein patterns are associated with the disease aggressiveness scores, highlighting the putative role of Co-19-EPs as a prognostic biomarker cargo in severe COVID-19 patients. Interestingly, critical correlations between EP profile, lipidomic cargo and the immune-inflammatory microenvironment have been found. In addition, these circulating Co-19-EPs are unable to dampen the activated phenotype (as assessed by the ability to produce IL-5 and IL-10) of ILC2 isolated from HC. Despite the limitations of the small number of patients, we developed a valuable method for detecting the effects of SARS-CoV-2 infection and novel insight for studying EPs in infectious diseases.

It has recently been described that EVs might play a role in the host response to SARS-CoV2 infection (47, 48). In the present study, the lipidomic analysis of the EPs from COVID-19 patients enrolled demonstrates the reduced expression of sphingomyelins. Together with glycerophospholipids, sphingolipids are important components of the cell membrane and regulate several processes, such as proliferation and inflammatory responses (49, 50). Moreover, sphingolipid metabolism is involved in exosome secretion (51). Inhibition of SM synthesis has been reported to slow Golgi-to-plasma membrane trafficking of vesicular stomatitis virus G protein, influenza hemagglutinin, and pancreatic adenocarcinoma up-regulated factor suggesting that the SM biosynthetic pathway is broadly required for secretory competence (52). Therefore, SM metabolism can be a potential biomarker for identifying crucial vulnerabilities in COVID-19 patients and a potential target for therapeutic intervention against COVID-19 virus infection. In addition, in this study, Hex Cer and several SM reveal an opposite association with SOFA score which demonstrated that the depletion of sphingolipid species may be closely related to the severity of the disease. We also observe the relative abundance of lipids involved in energy storage, such as triacyl- and diacylglycerols (TG and DG) in EPs from COVID-19 patients. TGs are the most abundant lipids in the human body and are the major source of energy that constitutes a critical component of the lipoproteins (50, 53). Of note, specific TGs (including TG 40:1 and TG 40:2) are selectively increased in non-survivor subjects. In line with this, a myriad of cardiovascular manifestations are observed in COVID-19 patients (54) and, based on the role of lipoproteins in thrombosis, our data may suggest an association between increased TG levels in EPs and cardiovascular events in COVID-19 patients.

The EP surface proteins were also investigated. We found that the exosome markers CD9, CD63 and CD81 are present in EPs isolated from all groups. Among differentially expressed proteins, CD24, CD146 and CD326 show remarkably higher expressions in EPs from COVID-19 patients.

CD24 is highly expressed by immune cells and cancer cells and it is known to play an inhibitory role in B-cell activation responses and the control of autoimmunity (55). It has recently been described that CD24 stimulation of B cells may trigger a transfer of receptors functional in recipient cells via EVs (56).

CD146, a membrane and immunoglobulin superfamily protein that is normally expressed by endothelial cells and Th17 cells, promotes the adhesion, rolling and extravasation of lymphocytes and monocytes across the endothelium. Indeed, functionally, CD146 is involved in angiogenesis and inflammation (57, 58).

Finally, CD326 is an adhesion molecule that is characteristic of some epithelia and many carcinomas and has been implicated in intercellular adhesion and metastasis (59). It has recently been described to play a role in coagulopathy (60, 61). Overall, the phenotype of circulating EPs from severe COVID-19 patients suggests that the hyperexpression of these EV biomarkers might contribute to affecting the immune response and the inflammatory microenvironment. For instance, it is worth noticing that it has been previously reported a link between the LPC and T cell homeostatic turnover (62). Herein, we find a direct association between Co-19-EPs expressing CD8 and two specific lipid species (LPC O-16:1 and LPC O-18:1), suggesting a defective role in the release of EV by CD8+ memory T cells in COVID-19 patients (62). This hypothesis is also confirmed by a corresponding association with the PaO2/FiO2 failure score that show a more aggressive disease in the patients with lower MFI for CD8 in Co-19-EPs.

The challenge of the COVID-19 pandemic is to predict intensive care admission or death of COVID-19 patients. Based on the explorative data of this study, in-depth phenotype and lipidome profiling of EP could be considered novel tools for better stratification of the patients, helping selection and decision for clinical studies, or avoiding the risk of therapy-related complications. Since few data concerning the role of EPs and their lipid-associated cargo in COVID-19 are available, further studies, combining lipidomic data with biological and immunological characterization, may help to elucidate specific (immuno) pathogenetic mechanisms and identify novel treatment strategies for virus infections. Importantly, considering EV trafficking, the lipid composition of EV membranes may play a role in the stability of these vesicles as well as facilitating binding to and uptake into recipient cells such as immune cells.

Along with lipidomic and surface protein expression, we also performed co-culture experiments with circulating EPs from HC or COVID-19 patients using ILC2 as a target. In line with others, we find that the ILC2 from severe COVID-19 patients show a more activated phenotype in terms of CD38, CD69 and a trend for NKG2D expression; the latter marker was already shown to be upregulated in patients showing no need for mechanical ventilation and a shorter hospitalization (63). Our data suggest that the activated phenotype of ILC2 as well as the higher capacity of producing IL-5 and IL-10 might be linked with the different cargo of the circulating EPs. Indeed, only HC-EPs are efficient in suppressing the ILC2 cytokine secretion capacity, while Co-19-EPs lose this property. Whether this inhibitory capacity is due to the different lipidic or protein composition of the EPs is yet to be investigated. Overall, although EVs may represent a mechanism by which the SARS-CoV-2 escapes the immune system, our data indicate that circulating EPs may alarm the innate immune system by modifying the production of inflammatory cytokines. These findings shed light on the diverse effects of circulating EPs on the inflammatory/immune response of COVID-19. Consistently, we found the plasma levels of IL-5, IL-6, IL-8, IL-10 and IP-10 to be significantly higher in severe COVID-19 patients compared with control plasma. Previous data identified IL-10 and IP-10 as putative biomarkers associated with poor outcomes. In this regard, IL-10 has been shown as a putative regulator of COVID-19 pathogenesis in association with IL-6 (64), whereas IP-10 has been investigated for its role in thrombosis in COVID-19 patients (65). For instance, IP-10 is secreted by many cell types in response to interferon-gamma IFN-including monocytes, endothelial cells and fibroblasts (66) and acts as a chemotactic agent for immune cells such as T cells, NK cells, monocytes/macrophages and dendritic cells (65). In addition, IL-6, TNF-α and IL-8 were considered strong and independent markers for patient survival (67–69). Notably, Li L et al. showed both IL-8 and IL-6 as biomarkers of disease prognosis for COVID-19 patients suggesting them as putative therapeutic targets (69). Of interest, IL-5 plays a crucial role in our cohort being significantly different not only between HC and COVID-19 patients but also between non-survivor and survivor patients. It is already known the role of IL-5 in the growth, survival, and activation of eosinophils (70). Despite we do not find any association between IL-5 and the absolute eosinophil count of our patients (data not shown), our results suggest that the Type 2 immune response is involved and may be aggravated by SARS-CoV-2-induced pneumonia (70). Following previous work (71), EVs from subcutaneous immunotherapy-treated mice exert effects on IL-5 production from ILC2 suggesting novel therapeutic options using EVs. Indeed, it has been also demonstrated the potential for using EVs as powerful and feasible cargo for drug delivery (72). The natural origin of EVs enables them to reduce immunogenicity compared with existing delivery systems. Thus, an EV-based drug delivery system may be an attractive candidate to manipulate also the cytokines secretion by specific cell subsets for a novel effective treatment for COVID-19. Overall, our data on circulating cytokines confirm and highlight the complex immune/inflammatory network of COVID-19 pathogenesis and suggest that blocking one cytokine alone could be an ineffective strategy (64, 67, 73).

At last, even though these findings depict an “EP signature” of severe COVID-19 patients, it should be highlighted that at the time of sample collection severe COVID-19 patients were under treatment; therefore, we can not rule out the possibility that treatment might have influenced the EP pattern.

In summary, this study demonstrates that a distinct lipidomic and phenotypic signature characterizes EPs in severe COVID-19 patients. In addition, this study shed light on the mechanisms by which circulating EPs modulate the innate immune response. With the limitations related to the small cohort of COVID-19 patients included, these findings might have the potential for prognostic implications of EPs in severe COVID-19 patients. Since future and innovative therapeutic approaches in the COVID-19 current scenario may rely on signals carried by Co-19-EPs, our data represent a step toward the identification of a Co-19-EP-specific pattern of secret signals released in circulation in COVID-19 patients.
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Background

Tocilizumab and anakinra are anti-interleukin drugs to treat severe coronavirus disease 2019 (COVID-19) refractory to corticosteroids. However, no studies compared the efficacy of tocilizumab versus anakinra to guide the choice of the therapy in clinical practice. We aimed to compare the outcomes of COVID-19 patients treated with tocilizumab or anakinra.





Methods

Our retrospective study was conducted in three French university hospitals between February 2021 and February 2022 and included all the consecutive hospitalized patients with a laboratory-confirmed severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection assessed by RT-PCR who were treated with tocilizumab or anakinra. A propensity score matching was performed to minimize confounding effects due to the non-random allocation.





Results

Among 235 patients (mean age, 72 years; 60.9% of male patients), the 28-day mortality (29.4% vs. 31.2%, p = 0.76), the in-hospital mortality (31.7% vs. 33.0%, p = 0.83), the high-flow oxygen requirement (17.5% vs. 18.3%, p = 0.86), the intensive care unit admission rate (30.8% vs. 22.2%, p = 0.30), and the mechanical ventilation rate (15.4% vs. 11.1%, p = 0.50) were similar in patients receiving tocilizumab and those receiving anakinra. After propensity score matching, the 28-day mortality (29.1% vs. 30.4%, p = 1) and the rate of high-flow oxygen requirement (10.1% vs. 21.5%, p = 0.081) did not differ between patients receiving tocilizumab or anakinra. Secondary infection rates were similar between the tocilizumab and anakinra groups (6.3% vs. 9.2%, p = 0.44).





Conclusion

Our study showed comparable efficacy and safety profiles of tocilizumab and anakinra to treat severe COVID-19.





Keywords: anakinra, tocilizumab, anti-interleukin drugs, COVID-19, mortality, SARS-CoV-2, anti-interleukin 6, interleukin 1 receptor antagonist




1 Introduction

Coronavirus disease 2019 (COVID-19) is caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (1) and has led to more than 6 million deaths around the world (2). COVID-19 can range from a simple asymptomatic viral infection to acute respiratory distress syndrome (ARDS) requiring intensive care; 15%–20% of hospitalized patients develop severe pneumonia (3, 4). Currently, the standard of care for in-hospitalized patients requiring oxygen is based on corticosteroids (5, 6), which have broad-spectrum anti-inflammatory actions. Despite the extensive use of dexamethasone, 15%–30% of patients remain refractory to corticosteroids and require intubation or progress to death (5–7).

Tocilizumab (an interleukin (IL)-6 receptor antagonist) and anakinra (an IL-1 receptor antagonist) have been proven effective in reducing mortality in patients with severe inflammatory COVID-19 (8–12). In France, since 2021, the French High Council for Public Health (HCSP) recommends adding anti-IL-6 or anti-IL-1 drugs in patients requiring high-flow oxygen therapy and having a marked inflammatory state in the absence of improvement (C-reactive protein (CRP) >75 mg/L) after 48 h of the standard of care, including dexamethasone (13). However, to date, there is no evidence showing which anti-IL drug is the most effective. Scarce data have compared the efficacy of tocilizumab versus anakinra in dexamethasone-refractory COVID-19 patients (14, 15). We aimed to retrospectively compare the outcomes of dexamethasone-refractory COVID-19 patients treated with tocilizumab or anakinra using propensity score matching.




2 Materials and methods



2.1 Patients

We retrospectively included all consecutive adult patients (aged ≥18 years) admitted with a laboratory-confirmed SARS-CoV-2 infection assessed by RT-PCR on nasopharyngeal swabs requiring oxygen, who were dexamethasone-refractory (defined by an absence of clinical improvement and/or an absence of a decrease in CRP after 72 h of dexamethasone) and treated with tocilizumab or anakinra between February 2021 and February 2022 in six internal medicine departments in three hospitals (La Timone, La Conception and Hôpital Nord, and University Hospitals of Marseille, France). Patients were not included if they had received both anti-IL drugs or one anti-IL and one JAK inhibitor to treat COVID-19 or if there were insufficient patient follow-up data to perform analysis (e.g., patient transferred to another hospital).

Clinical, biological, radiological, and follow-up data were collected from electronic medical records. Patients were divided into three groups based on low-dose chest computed tomography (CT) extent of lung parenchymal lesions (minimal, <10%; moderate, 10%–25%; and severe, >25%). The vaccine status of the patients was unvaccinated, partially vaccinated, or fully vaccinated (0, 1, or 2 doses received, respectively).

Patients received tocilizumab (8 mg/kg, 800 mg maximum) intravenously over a 1-h infusion once or repeated after 24 h, according to the opinion of the attending clinician. Patients were treated with subcutaneous anakinra 100 mg/day until clinical improvement (maximum 10 days) or with 300 mg/day for 5 days and then tapering 200 mg/day for 2 days and 100 mg/day for 1 day. All patients were treated with dexamethasone (6 mg/day, administered intravenously, until oxygen discontinuation). Patients could also have received anti-spike monoclonal antibodies [casirivimab/imdevimab (Ronapreve®), or sotrovimab (Xevudy®) according to the SARS-CoV-2 variants], antibiotics, and prophylactic (enoxaparin 40 mg/day), intermediate (enoxaparin 40 mg twice a day), or therapeutic (tinzaparin 175 anti-Xa IU/kg/day) thromboprophylaxis according to the current recommendations from the French Society of Critical Care (16) until discharge.

Patients were considered under immunosuppressive therapy when they took anti-rejection therapy, immunosuppressive therapy, corticosteroids > 10 mg/day, biotherapy, or chemotherapy before COVID-19. Patients were considered with a secondary infection when they needed a new antibiotic 48 h after the introduction of the anti-IL drug or when a new bacterial infection was identified (by culture or molecular testing).




2.2 Ethics

This study was approved by the Institutional Review Board of Assistance Publique - Hôpitaux de Marseille (GDPR number PADS22-339). The study was conducted in compliance with good clinical practices and the Declaration of Helsinki principles. Formal approval from an ethics committee was not required for this observational study.




2.3 Statistical analysis

Quantitative variables were described using means and standard deviations (SD); categorical variables were described using numbers and percentages. Quantitative data were compared using Student’s t-test or the Mann–Whitney U test, while qualitative data were compared with the chi-square or Fisher’s exact test when appropriate. A propensity score matching was performed to minimize confounding effects due to the non-random allocation. The propensity score matching function matched the two groups of patients with an anti-IL drug (tocilizumab or anakinra) as the dependent variable. Based on risk factors described in the literature (17–21), propensity score matching of 1:1 was performed with age, sex, vaccine status (partial/full versus none), the extent of lung involvement, comorbidities (hypertension, cancer, chronic kidney disease, diabetes, and obesity), a high-flow requirement before anti-IL introduction, CRP level at the anti-IL drug introduction, use of anti-spike monoclonal antibodies, and thromboprophylaxis as covariates using the optimal method. To confirm the results found with the optimal method, we performed the nearest neighbor propensity score matching method (caliper = 0.25). After matching, McNemar’s test was used to test the association of the mortality rate/rate of high-flow oxygen requirement with the anti-IL drug between matched pairs. The tests were two-sided. p-Values <0.05 were considered significant. All analyses were performed with R software (R Foundation for Statistical Computing, Vienna, Austria), and the propensity score was performed with the MatchIt package.





3 Results



3.1 Characteristics of the population

During the study period, 259 patients were treated with anti-IL drugs; 19 patients were excluded because they received tocilizumab and anakinra (n = 16) or JAK inhibitor and anakinra (n = 3), and five patients were excluded because of a lack of follow-up data. A total of 235 patients were included in the analysis. The main characteristics of the population are presented in Table 1. The mean age was 72 ± 15 years (range, 28–99), with 143 male patients (60.9%). The main comorbidities were hypertension (51.5%), type 2 diabetes (34.0%), obesity (23.4%), overweight (19.4%), chronic kidney disease (18.7%), coronary artery disease (14.0%), pulmonary diseases (chronic obstructive pulmonary disease, asthma, or obstructive sleep apnea, 13.6%), and active cancer (13.2%). Of the total patients, 21 (8.9%) received previous immunosuppressive therapy, and 116 (49.4%) had a “not to be resuscitated” status.


Table 1 | Description of the cohort.



Vaccine status was available for 229 patients: 61 patients (26.6%) received at least one dose of vaccine, 12 patients (5.2%) were partially vaccinated (only one dose of vaccine), and 49 (21.4%) were fully vaccinated (two doses of vaccine). Assessment of SARS-CoV-2 variants was available in 111 patients: 25 (22.5%) carried the alpha variant, 5 (4.5%) carried the beta variant, 51 (45.9%) carried the delta variant, and 30 (27.0%) carried the omicron variant. Lung CT showed typical lesions of COVID-19 in 212 out of 220 patients (96.4%), consisting of minimal, moderate, and severe lesions in 11.8%, 34.5%, and 50.0%, respectively. Of 152 patients (64.7%) who received antibiotics, 117 of them (49.8%) received third-generation cephalosporin, 83 patients (35.3%) received azithromycin, 56 patients (23.8%) received piperacillin–tazobactam, and 11 patients (4.7%) received carbapenem. Sixty-six patients (28.1%) received only one antibiotic, 61 patients (26.0%) received two antibiotics, 21 patients (8.9%) received three antibiotics, and four patients (1.7%) received four antibiotics. Of 235 patients, 231 (98.3%) were treated with low-molecular-weight heparin at prophylactic, intermediate, or therapeutic doses of 36.2%, 27.7%, and 34.5%, respectively; 22 patients (9.4%) were treated with monoclonal anti-spike antibodies; 150 patients (63.8%) were treated with an anti-IL drug once under high-flow oxygen. At the time of anti-IL introduction, ferritin was 1,496 ± 1,442 µg/L (range, 96–10,555), and C-reactive protein was 123 ± 77 mg/L (range, 8–351).




3.2 Comparisons of the baseline characteristics between patients receiving tocilizumab and anakinra

A total of 126 (53.6%) patients received tocilizumab, and 109 (46.4%) patients received anakinra (Table 1). The two cohorts were similar in age, gender, and main comorbidities (hypertension, coronaropathy disease, obesity, overweight, and cancer). There were some differences between the two cohorts in terms of vaccine status (fully vaccinated patients: 15.1% of the tocilizumab group vs. 29.1% of the anakinra group, p = 0.01), extent of lung involvement (42.0% of intermediate lesions in the tocilizumab group vs. 25.7% in the anakinra group, p = 0.011; 41.2% of severe lesions in the tocilizumab group vs. 60.4% in the anakinra group, p = 0.0045), SARS-CoV-2 variants (47.8% of alpha variant in the tocilizumab group vs. 4.6% in the anakinra group, p < 0.001; 2.2% of omicron variant in the tocilizumab group vs. 44.6% in the anakinra group, p < 0.001), comorbidities (9.5% of the tocilizumab group had pulmonary diseases vs. 18.3% of the anakinra group, p = 0.049; 11.9% of the tocilizumab group had chronic kidney disease vs. 24.4% of the anakinra group, p = 0.0040; 4.0% of the tocilizumab group were under immunosuppressive therapy vs. 14.7% of the anakinra group, p = 0.0041), severity of clinical state (82.5% of the tocilizumab group were under high-flow oxygen before anti-IL introduction vs. 42.2% of the anakinra group, p < 0.001), thromboprophylaxis management (45.2% of the tocilizumab group received prophylactic dose of low-molecular-weight heparin vs. 25.7% of the anakinra group, p = 0.0019), or associated therapies (0% of the tocilizumab group received anti-spike monoclonal antibody vs. 20.2% of the anakinra group, p < 0.001; 44.4% of the tocilizumab group received antibiotics vs. 88.1% of the anakinra group, p < 0.001).

After propensity score matching using the optimal method (Table 2), 79 patients treated with tocilizumab and 79 patients treated with anakinra had similar characteristics (except for anti-spike monoclonal antibodies; no patients in the tocilizumab group received anti-spike monoclonal antibodies vs. 26.6% of the anakinra group, p < 0.001; for high-flow oxygen introduction before anti-IL introduction, 73.4% were under high-flow oxygen at tocilizumab introduction vs. 43.0% at anakinra introduction). Because of the imbalance of covariates between the two groups, we performed a propensity score matching using the nearest neighbor method (Table 3). Similar characteristics were found in 36 patients treated with tocilizumab and 36 patients treated with anakinra.


Table 2 | Patient characteristics after matching (optimal method).




Table 3 | Patient characteristics after matching (nearest neighbor method).






3.3 Outcomes of patients under anti-IL drugs

The 28-day mortality was similar between the two groups (29.4% in the tocilizumab group vs. 31.2% in the anakinra group, p = 0.76), as was in-hospital mortality (31.7% in the tocilizumab group vs. 33.0% in the anakinra group, p = 0.83). High-flow oxygen was required in similar proportions (17.5% in the tocilizumab group vs. 18.3% in the anakinra group, p = 0.86). Among patients without a “not to be resuscitated” status (n = 119), the transfer rate into intensive care units (ICUs) was similar between the two groups (30.8% in the tocilizumab group vs. 22.2% in the anakinra group, p = 0.30). The secondary infections following anti-IL drugs were quite scarce (6.3% in the tocilizumab group vs. 9.2% in the anakinra group, p = 0.44) (Table 4).


Table 4 | Outcomes of the cohort.



After propensity score matching using the optimal method, the 28-day mortality (29.1% in the tocilizumab group vs. 30.4% in the anakinra group, p = 1) and the rate of high-flow oxygen requirement (10.1% in the tocilizumab group vs. 21.5% in the anakinra group, p = 0.081) did not differ between the two groups. Using the nearest neighbor method, we found a similar 28-day mortality (33.3% in the tocilizumab group vs. 30.6% in the anakinra group, p = 1) and a similar rate of high-flow oxygen requirement (5.6% in the tocilizumab group vs. 13.9% in the anakinra group, p = 0.43) between the pseudo-populations.





4 Discussion

We reported a cohort of hospitalized COVID-19 before ICU admission and intubation who were treated with an anti-IL drug. We showed that the 28-day mortality and the high-flow oxygen requirement did not differ according to the treatment received, tocilizumab or anakinra. The two treatments had the same risk of infections.

These results follow the few data available about this subject. IL-1 and IL-6 are two cytokines mainly involved in cytokine storm initiation and amplification, particularly in COVID-19 ARDS (22). Anakinra is an IL-1-receptor antagonist blocking the effect of both IL-1α and IL-1β. IL-1β leads to the production of IL-6 (23). However, tocilizumab blocks IL-6-mediated signal transduction by targeting both the membrane and soluble forms of the IL-6 receptor (24). Thus, it seems logical that the use of tocilizumab or anakinra could be effective in COVID-19. A large amount of data in the literature confirm the efficacy of the two anti-IL drugs (10, 25–27).

However, to date, randomized trials comparing the efficacy of different agents are lacking. The effect of tocilizumab and anakinra seems similar among all the meta-analyses (28–31). One Turkish study compared many patients receiving tocilizumab or anakinra using propensity score matching (15). The authors concluded a lower mortality and ICU transfer rate in the anakinra group. However, in this cohort, patients received very high doses of anakinra (600 mg daily mean versus 100 mg daily in most studies) and were also treated with hydroxychloroquine and favipiravir. Finally, the patients in the tocilizumab group received less corticosteroid than in the anakinra group, which is a major bias. Langer-Gould et al. (32) compared 52 patients treated with tocilizumab to 41 patients treated with anakinra using a propensity score matching and found no statistical difference in mortality. Some other studies, with a few participants, have directly compared tocilizumab to anakinra. Iglesias-Julian et al. (33) showed the same mortality under tocilizumab or anakinra. Patoulias et al. (14) performed a meta-analysis on three non-randomized studies comparing 125 patients under tocilizumab to 112 patients under anakinra and found lower mortality in the anakinra group. Unfortunately, they did not adjust their results with confounding factors. To the best of our knowledge, here, we report one of the largest cohorts of patients treated with tocilizumab compared to anakinra using an adjustment on confounding factors.

We acknowledge some limitations of this study. First, it was retrospective, but we could compare the patients using propensity score matching despite the absence of randomization. We used a combination of clinical, biological, and radiological prognosis factors to build our propensity score matching. Second, the patients were recruited over a large period, including patients infected by different variants of SARS-CoV-2. We could not add variants in the propensity score matching because there were too much missing data, which would have led to the inability to build the propensity score matching. Furthermore, we included a few patients with the omicron variant, which is now dominating. However, there is no evidence that the SARS-CoV-2 omicron variant changes the response to the anti-inflammatory therapy (34, 35). In effect, even if the omicron variant is less severe than the others, thanks to the propensity score matching, we could compare patients with COVID-19 with the same severity (according to the extent of lung involvement, the CRP level, or the rate of high-flow requirement before anti-IL introduction, which are well-known factors of severity). We also acknowledge the lack of assessment of inflammatory biomarkers such as interleukin-6 and soluble urokinase plasminogen activator receptor (suPAR) at baseline. Nevertheless, their utility was not clear, hyperinflammation was defined by CRP and ferritin levels, and IL-6 and suPAR are not routinely available biomarkers in all the centers. Furthermore, the two groups could not be matched on anti-spike monoclonal antibodies (using the optimal method) because no patients in the tocilizumab group have received these treatments (they were not available during the second and third waves when most patients receiving tocilizumab were included). Therefore, we performed a second propensity score matching, in which the use of anti-spike monoclonal antibodies was balanced between the two groups. Despite the small sample size, similar results were found with this method. Moreover, the rate of antibiotic prescriptions was different between the two groups. However, there is no evidence in the literature showing that antibiotics influence the response to anti-IL drugs or the evolution of COVID-19 (36–38).

Since the efficacy of tocilizumab seems to be similar to the efficacy of anakinra, clinicians should consider the cost of the treatment to choose it. In France, the cost of a 10-day anakinra course is lower than that of an 8 mg/kg dose of tocilizumab. In our study, the average cost of tocilizumab per patient was 1,052€/1,124 USD compared to 189€/202 USD per patient treated with anakinra. Moreover, the half-life of anakinra [a few hours (39)] is lower than that of tocilizumab [14–21 days (40)]. In patients with secondary infection due to the anti-IL drug, the infection would be easier to manage with a short half-life therapy such as anakinra than with tocilizumab.

Despite the small sample sizes of groups after propensity score matching, our study showed the same efficacy and secondary infection risk of tocilizumab and anakinra to treat severe COVID-19. Thus, anakinra and tocilizumab represented equivalent therapies in conjunction with corticosteroids. Our results need to be confirmed in larger randomized studies in order to choose the most effective and personalized treatment plans for each patient.
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mHLA-DR 0.97 [0.67-1.30; 6246 0.856
[antibody/cell]

CD3 T Cells 0.56 [0.31-0.90; 258.5 0.031
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SOFA Score 1.50 [1.04-2.15 4 0.029
SAPS II Score 1.65 [1.17-2.33 16 0.004
Charlson Score 1.62 [1.14-2.42 2 0.017
Age 4.95 [2.62-10.17] 15.25 < 0.001

Two hundred and sixteen critically ill patients were included in the training set. One hundred and seventy-nine patients survived up until Day 28 and thirty-seven died. The association
between 28-day survival status and transcriptomic IPP parameters, classical immune, clinical or demographical parameters were performed by implementing univariate logistic regression
models. To allow comparison between models, odds ratios calculated for each parameter were normalized to an increment from first to third quartile (inter quartile range odd ratios,
ORyop). p values < 0.05 are highlighted in bold.
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Area Under the Receiver Operating Characteristics Curves and Area Under the Precision Recall Curves with their respective 95% confidence intervals calculated for 5 different machine
learning models on the training and test datasets to predict 28-day survival.
Performances of the best model are highlighted in bold.
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9-mRNA signature 378 [2.22-6.73) 0.26 <0.001
SOFA Score 1.34 (0.90-2.03] 4 0.151
Charlson Score 1.37 [1.04-1.81] 2 0.015
Age 5.11 [2.82-9.96] 15 <0.001

Three hundred and nine critically ill patients were included. Fifty two patients died by Day 28. The association between 28-day survival status and the 9-mRNA signature and clinical and
demographical parameters was evaluated by implementing multivariate logistic regression models with the following confounding factors: age, SOFA score and Charlson score. To allow

comparison between models, odds ratios calculated for each parameter were normalized to an increment from first to third quartile (inter quartile range odd ratios, ORiqgr). p values < 0.05
are highlighted in bold.
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Body mass index - kg/m*

BMI > 30 - n (%)
Comorbidities

Diabetes: none - n (%)
Diabetes: with damage - n (%)

Diabetes: w/o organic damage
-n (%)

Charlson Score - points

Clinical severity at admission

Delay between symptoms
and ICU admission - days

ARDS at admission —
n (%)
SOFA Score - points

SAPS II Score - points
Pa02/FIO2 - mmHg
pH

Lactate - mmol/L

Organ support

Invasive mechanical
ventilation at Day 0 —
n (%)

Vasoactive drugs - n (%)
Renal replacement therapy - n
(%)

Follow-up

MV duration - days

ICU length of stay - days

Hospital length of stay - days

28-day mortality - n (%)
90-day mortality - n (%)
ICU-acquired infections —
n (%)

ICU-acquired
pneumopathies - 1 (% IAI)

All patients
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52 (16.8%)
66 (21.9%)
99 (33.1%)
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Immunological parameters at admission

mHLA-DR - AB/C

CD3 T cells - absolute count
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[6655.5-
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[228.0-505.5]

28-day survivors
(n=179)

64.0
[55.0-70.0]

119 (66.5%)

29.1
[25.7-33.1]

75 (43.9%)

131 (73.2%)
6 (3.4%)
42 (23.4%)

1.0
[0.0-1.0]

9.0
[7.0-12.0]

41 (23.3%)
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[23.0-38.8]

95.0
[77.5-146.0]

7.46
[7.42-7.49]

1.70
[1.37-2.02]

29 (16.2%)

19 (10.7%)
13 (7.3%)

17.0
[7.0-34.0]
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[3.0-16.0]

18.0
[10.0-36.5]

0 (0%)
12 (6.8%)
55 (31.6%)

48/55 (87.3%)

9246.0

[6770.0-12827.0]

326.0

[236.5-506.0]

Training

28-day non P
survivors (n = 37) value

710 <0.001

[69.0-78.0]

8 (75.7%) 0369

296 0.674

[27.33-33.0]

5 (46.9%) 0.903
18 (48.7%) 0.001
6 (16.2%)

3(35.1%)
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[1.0-4.0]

75 0.013

[5.0-9.8]
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4.0 0.008

[2.0-6.0]

39.0 <0.001

[33.0-47.0)

82.0 0376

[70.5-147.8]

744 0591

[7.40-7.49]

1.90 0326

[1.40-2.20]

0 (27%) 0.186
8 (21.6%) 0.120

1(29.7%) <0.001

120 0.110

[7.0-20.0]

120 0.017

[8.0-19.0]

150 0.024

[9.0-21.0]

37 (100%) <0.001
7 (100%) <0.001
9 (54.3%) 0.018

18/19 (94.7%) 0.366
7377.5 0.029
[4760.8-11413.0]
303.0 0.056
[200.0-400.0]

28-day survivors

(n=178)

64.5
[55.0-70.0]

52 (66.7%)

287
[26.1-33.4]

30 (40.0%)

55 (70.5%)
3(3.9%)
20 (25.6%)

0.5
[0.0-1.0]

9.0
[6.8-10.3]

13 (17.1%)

20
[03-3.0]

275
[21.0-34.0)

98.0
[89.0-149.0]

7.46
[7.43-7.49]

1.50
[1.30-1.90]

9 (11.5%)

6 (7.7%)
4(5.1%)
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[11.3-30.8]

8.0
[5.0-16.8]

20.5
[13.0-34.8]

0 (0%)
2(2.7%)
15 (20.0%)

12/15 (80.0%)

8939.0 [6859.8-11038.8

3260
[218.0-515.0]

Test

28-day non P
survivors (n = 15) value

72.0 <0.001
[68.0-76.0]
11 (73.3%) 0767
30.1 0335
[28.0-332]
8 (53.3%) 0504
9 (60.0%) 0534
0 (0.0%)
6 (40.0%)
1.0 0.043
[1.0-2.0]
6.0 0.041
[5.5-9.0]
7 (46.7%) 0.029
3.0 0.068
[15-7.5]
320 0086
[26.8-41.3]
1045 0.844
[93.8-128.3]
7.47 0769
[7.40-7.49]
1.40 0785
[1.30-1.80]
5 (33.3%) 0.046
2 (13.3%) 0611
3 (20.0%) 0.080
120 0.030
[6.5-15.5]
110 0871
[5.5-15.5]
140 0.014
[7.5-18.5]
15 (100%) <0.001
15 (100%) <0.001
0 (66.7%) <0.001
9/10 0504
(90.0%)
8967.0 0.810

[7551.5-11118.0]

500.0 [251.0-555.5] 0.583

Medians and interquartile ranges [Q1-Q3] are shown for continuous variables or numbers and percentages are presented for categorical variables. COVID-19 patients were separated in two
groups based on their 28-day survival status after admission. Sequential organ failure (SOFA) and simplified acute physiology TI (SAPS IT) scores were calculated during the first 24 hours
after admission. Acute respiratory distress at admission was based on the Berlin definition (12). Data were compared using the nonparametric Mann-Whitney-Wilcoxon test for continuous
variables or the chi-square/Fisher exact test for categorical variables.
b values < 0.05 are highlighted in bold.
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Underlying Vaccine  Vaccine | Severity of Treatment for  Days of Outcome

disease status type COVID-19 COVID-19 isolation
High 1 76 Female | HTN, DM, DL Fully BNT162b2 | High flow Remdesivir 17 Recovery
vaccinated Steroid
High 2 58 Male LC, DM Fully BNT162b2 = Mechanical Remdesivir 18 Recovery
vaccinated ventilator Steroid
Tocilizumab
High 3 79 Female = Atrial fibrillation, Fully BNT162b2 | Mechanical Remdesivir 30 Recovery
aortic stenosis. vaccinated ventilator Steroid

Tocilizumab

High 4 63 Male HTN, DM Fully AZD1222 High flow Remdesivir 20 Recovery
vaccinated Steroid
Baricitinib
High 5 68 Male DM, HTN, DL Fully AZD1222 | High flow Remdesivir 21 Recovery
vaccinated Steroid
Tocilizumab
Low 6 60 Male  Angina, HTN, DL Fully AZD1222 | High flow Remdesivir 10 Recovery
vaccinated Steroid
Baricitinib
Low 7 84 Male HTN, BPH Fully BNT162b2 | Mechanical Remdesivir 25 Recovery
vaccinated ventilator Steroid
Tocilizumab
Low 8 65 Male HTN, DM, Fully AZDI1222 High flow Remdesivir 7 Recovery
peripheral artery vaccinated Steroid
disease Baricitinib
Low 9 70 Male  Chronic DVT Fully AZD1222 | High flow Remdesivir 11 Recovery
vaccinated Steroid
Baricitinib

IL-6, interleukin-6; HTN, hypertension; DM, diabetes mellitus; DL, dyslipidemia; LC, liver cirrhosis; BPH, benign prostate hyperplasia; DV'T, deep vein thrombosis.
Fully vaccinated refers to individuals who were diagnosed with COVID-19 more than 14 days after their second COVID-19 vaccine dose.
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Characteristics Tocilizumab group Anakinra group Overall population

(n=126) (n=109) (n = 235)
Ageb 73 + 15 (32-98) 72 £ 16 (28-99) 72 + 15 (28-99) 0.71
Male gender 76 (60.3) 67 (61.5) 143 (60.9) 0.86
Length of hospitalization® 13 +10 (1-89) 13 + 8 (4-44) 13 +9 (1-89) 0.95
Vaccinated 28 (222) 33/103 (32.0) 61/229 (26.6) 0.095
- Partially 9(7.1) 3/103 (2.9) 12/229 (5.2) 0.15
- Fully 19 (15.1) 30/103 (29.1) 49/229 (21.4) 0.0099
Body mass index (kg/m?) ® 28 +7 (16-57) 26 + 6 (16-43) 27 + 6 (16-57) 0.20
Extent of lung involvement
- No COVID-19 lesion 4/119 (3.4) 4/101 (4.0) 8/220 (3.6) 0.81
- <10% 16/119 (13.4) 10/101 (9.9) 26/220 (11.8) 0.42
- 10%-25% 50/119 (42.0) 26/101 (25.7) 76/220 (34.5) 0.011
->25% 49/119 (41.2) 61/101 (60.4) 110/220 (50) 0.0045
SARS-CoV-2 variant
- Alpha variant 22/46 (47.8) 3/65 (4.6) 25/111 (22.5) <0.001
- Beta variant 2/46 (4.3) 3/65 (4.6) 5/111 (4.5) 0.95
- Delta variant 21/46 (45.7) 30/65 (46.2) 51/111 (45.9) 0.96
- Omicron variant 1/46 (2.2) 29/65 (44.6) 30/111 (27.0) <0.001
Comorbidities
- Hypertension 62 (49.2) 59 (49.6) 121 (51.5) 0.45
- Coronaropathy disease 13 (10.3) 20 (18.3) 33 (14.0) 0.077
- Stroke 2(1.6) 7 (6.4) 9 (3.8) 0.054
- Venous thromboembolism 2(1.6) 2(18) 4(17) 0.88
- Pulmonary diseases 12 (9.5) 20 (18.3) 32 (13.6) 0.049
- Cancer 18 (14.3) 13 (11.9) 31(132) 0.59
- Chronic kidney disease 15 (11.9) 29 (24.4) 44 (18.7) 0.0040
- Diabetes 36 (28.6) 44 (40.4) 80 (34.0) 0.057
- Obesity 26/116 (22.4) 21/85 (24.7) 47/201 (23.4) 0.70
- Overweight 23/116 (19.8) 16/85 (18.8) 39/201 (19.4) 0.86
- Immunosuppressive therapy 5 (4.0) 16 (14.7) 21 (8.9) 0.0041
High-flow oxygen introduction before anti-interleukin 104 (82.5) 46 (42.2) 150 (63.8) <0.001
introduction
Ferritin (ug/L) at anti-interleukin introduction® 1,393 + 1,225 (118- 1,571 + 1,584 (96— 1,496 + 1,442 (96— 0.42

6,607) 10,555) 10,555)

CRP (mg/L) at anti-interleukin introduction® 119 + 76 (8-349) 129 + 79 (17-351) 123 + 77 (8-351) 0.30
Associated therapies
- Anti-spike monoclonal antibody 0(0) 22 (20.2) 22 (94) <0.001
- Any antibiotics 56 (44.4) 96 (88.1) 152 (64.7) <0.001
- Third-generation cephalosporin 41 (32.5) 76 (69.7) 117 (49.8) <0.001
- Azithromycin 15 (11.9) 68 (62.4) 83 (35.3) <0.001
- Piperacillin-tazobactam 17 (135) 39 (35.8) 56 (23.8) <0.001
- Carbapenem 0(0) 11 (10.1) 11 (47) <0.001
- Prophylactic thromboprophylaxis 57 (45.2) 28 (25.7) 85 (36.2) 0.0019
- Intermediate thromboprophylaxis 30 (23.8) 35 (32.1) 65 (27.7) 0.16
- Therapeutic thromboprophylaxis 37 (294) 44 (40.4) 81 (34.5) 0.077

Note. p-Value <0.05 in bold.
CRP, C-reactive protein.

“Comparison between tocilizumab and anakinra groups.
PMean + standard deviation (range).
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ocilizumab group

Age 74 (15) 70 (16) 0.11
Male gender 44 (55.7) 51 (64.6) 0.33
Vaccinated (partially or fully) 22 (27.8) 23 (29.1) 1
Extent of lung involvement 0.70
- No COVID-19 lesion 5(6.3) 5(6.3)

- <10% 10 (12.7) 8 (10.1)

- 10%-25% 25 (31.6) 19 (24.1)

- >25% 35 (44.3) 44 (55.7)

Hypertension 42 (532) 39 (49.4) 0.7
Cancer 10 (12.7) 8 (10.1) 0.80
Chronic kidney disease 11 (13.9) 18 (22.8) 0.22
Diabetes 23 (29.1) 29 (36.7) 0.40
Obesity 14 (17.7) 21 (26.6) 0.25
CRP (mg/L) at anti-interleukin introduction® 125 (82) 130 (80) 0.70
Anti-spike monoclonal antibody 0(0) 21 (26.6) <0.001
Associated anticoagulant: 0.87
- No anticoagulant 2(25) 1(1.3)

- Prophylactic thromboprophylaxis 24 (30.4) 21 (26.6)

- Intermediate thromboprophylaxis 26 (32.9) 29 (36.7)

- Therapeutic thromboprophylaxis 27 (342) 28 (35.4)

High-flow oxygen introduction before anti-interleukin introduction 58 (73.4) 34 (43.0) <0.001

Note. p-Value <0.05 in bold.

CRP, C-reactive protein.

Comparison between tocilizumab and anakinra groups.
®Mean + standard deviation (range).
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74 (16) 69 (17) 0.25

Male gender 19 (52.8) 20 (55.6) 1
Vaccinated (partially or fully) 14 (38.9) 10 (27.8) 0.45
Extent of lung involvement 0.74
- No COVID-19 lesion 2 (5.6) 1(2.8)

- <10% 5(13.9) 4(11.1)

- 10%-25% 8(22.2) 13 (36.1)

- >25% 18 (50) 16 (44.4)

Hypertension 21 (58.3) 16 (44.4) 0.35
Cancer 4 (11.1) 3(8.3) 1
Chronic kidney disease 7 (19.4) 5(13.9) 0.75
Diabetes 9 (25) 9(25) 1
Obesity 8(22.2) 9 (25) 1
CRP (mg/L) at anti-interleukin introduction” 136 (79) 119 (75) 0.41
Monoclonal anti-spike antibody 0(0) 0(0)

Associated anticoagulant: 0.90
- No anticoagulant 128 1(28)

- Prophylactic thromboprophylaxis 14 (38.9) 12(33.3)

- Intermediate thromboprophylaxis 11 (30.6) 14 (38.9)

- Therapeutic thromboprophylaxis 10 (27.8) 9 (25)

High-flow oxygen introduction before anti-interleukin introduction 12 (33.3) 14 (38.9) 0.81

Note. CRP, C-reactive protein.
“*Comparison between tocilizumab and anakinra groups.
PMean + standard deviation (range).
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Outcome Overall population

Secondary infection 8(6.3) ‘ 10 (9.2) 16 (6.8) 044
High-flow oxygen 22 (17.5) ‘ 20 (18.3) 42 (17.9) 0.86
Intensive care unit transfer 20/65 (30.8) ‘ 12/54 (22.2) 32/119 (26.9) 0.30
Mechanical ventilation 10/65 (15.4) ‘ 6/54 (11.1) 16/119 (13.4) 0.50
28-day mortality 37 (29.4) ‘ 34 (31.2) 71 (30.2) 0.76
In-hospital mortality 40 (31.7) ‘ 36 (33.0) 76 (32.2) 0.83

*Comparison between tocilizumab and anakinra groups.
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COVID-19 PATIENTS HEALTHY CONTROI

Number
Age
Female/Male

Comorbidities

Treatment at time of sampling

At time of sampling

Ventilation mode at time of blood sampling

Intensive Care Unit stay
Pa0,/FiO, score

SOFA score

Years, median(range)
n°

Arterial hypertension, n® (%)

Peripheral artery disease, n° (%)

COPD, n° (%)

Diabetes, n° (%)

Acute myocardial infarction, n°® (%)
Others, n° (%)

Anticoagulant, n° (%)

Antibiotics, n°® (%)

Glucocorticoids, n° (%)

Platelets x 10°/L, median(range)

White Blood Cells x 10°/L, median(range)
c-Reactive Protein (CRP), median(range)

PaO,, mm Hg
median (range)

PaCO,, mm Hg
median (range)

Pressure/volume control, n® (%)
Pressure support, n° (%)

Spontaneous, n° (%)

Days at time of sampling, median(range)
median(range)

median(range)

10

67 (56-76)
2/8

5 (50%)
1(10%)

2 (20%)

2 (20%)
1(10%)

4 (40%)

10 (100%)

9 (90%)

5 (50%)

239 (139-512)
7.9 (3.8-15.6)
2.6 (0.33-13.9)

83 (57-132)

49.5 (40-76)

3 (30%)
5 (50%)

2 (20%)

28.5 (8-43)

186 (113-330)

25 (1-8)

10

67.5 (43-72)
3/7

NA

NA

NA
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NA

NA

200.5 (154-261)
59 (4.0-9.0)
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NA
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NA
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Class Explained class name N molecular HC (nMol/ average

abbreviation species mL) Amount
(%)
BMP Bismonoacyl glycerophosphate 3 19.5 24 159 18 0.12 0.18
CAR AcylCarnitine 16 119 0.7 124 2.3 0.41 0.12
CE Cholesteryl ester 9 1246.8 236.9 2012.0 261.1 0.02 16.16
Cer Ceramide 85 576.5 53.6 852.5 50.6 0.0007 7.08
CL Cardiolipin 14 172.8 9.6 150.0 123 0.08 1.60
DG Diacylglycerol 74 807.1 1134 5413 59.4 0.02 6.68
DMPE Dimethyl-Phosphatidyl 18 9.9 1.9 12.6 4.0 0.27 0.11
ethanolamine
FA Free fatty acid 59 2989.9 94.3 2675.6 50.5 0.004 28.09
FAHFA Fatty acid ester of hydroxyl fatty 31 673 6.4 53.8 28 0.03 0.60
acid
HexCer Hexosylceramide 11 143 15 312 38 0.0002 0.23
LrC Lysophophatidylcholine 54 | 2235 73 3120 19.5 0.0002 2,65
LPE Lysophosphatidyl ethanolamine 5 35 0.2 31 0.3 0.11 0.03
MG Monoacylglycerol 3 ‘ 38 0.2 34 0.5 0.21 0.04
MMPE monomethyl-phosphatidyl 9 7.6 0.6 10.4 22 0.12 0.09
ethanolamine
NAE N-acyl ethanolamines 41 1115 4.1 [ 137.5 240 0.15 123
NAOrn N-acyl ornitines 20 14.1 0.9 122 12 0.11 0.13
PA Glycerophosphate 4 1192 17.1 43.5 8.0 0.0004 0.81
PC Phosphatidylcholine 114 11267 612 1324 777 0.03 12.15
PE Phosphatidyl Ethanolamine 75 120.9 9.1 1225 18.5 0.46 121
PEtOH Phosphatidyl ethanol 29 36 4.9 255 33 0.04 0.30
PG Phosphatidyl glycerol 16 ‘ 4116 207 354.5 287 0.06 3.80
PI Phosphatidylinositol 20 20.0 1.4 26.1 14 0.002 0.23
PMeOH Phosphatidyl Methanol 14 169 14 11.7 0.4 0.0008 0.14
PS Phosphatidylserine 5 45 0.5 32 0.3 0.01 0.04
SM Sphingomyelin 26 2269 121 385.7 250 1.03E- 3.04
05
TG Triacylglycerol 357 1335 186.5 1341.8 209.1 0.49 13.27

The synthetic class name, extended name, number of molecular species annotated, concentration and standard error of the mean (SEM) for both the COVID-19 (CV19, n=10) and HC groups
(n=10) of EP samples and p-value of difference are reported for each lipid class. The last column shows the percentage of the mean amount for both groups.
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Disease Progression Mortality

Characteristics Without di§ease With disgase Survivor Nop-
progression. | progfesson, | e | regpy) | Survhor

Age, years; mean (SD) 56 (15) 55 (15) 59 (14) 0.01 55 (15) 60 (13) 0.01

Male, n (%) 243 (61%) 157 (60%) 86 (62%) 0.75 201 (61%) 42 (58%) 0.60

Length of hospitalization; mean (SD) (195:35) 15.60 (8.03) 15.75 (12.13) 0.89 (196:14;) (ig;j) <0.001

On Mechanical Ventilation at admission; n (%) 44 (11) 5(2) 39 (28) <0.001 18 (6) 26 (36) < 0.001

‘ COVID-19 Severity Classification on Admission
Nonsevere 123 (31%) 98 (38%) 25 (18%) 63 (35%) 10 (14%)

<0.001 <0.001
Severe - Critical 277 (69%) 163 (62%) 114 (82%) 214 (65%) 63 (86%)

‘ Comorbidities ‘
Diabetes Mellitus 127 (32%) 75 (29%) 52 (37%) 0.09 94 (29%) 33 (45%) 0.01
Hypertension 224 (56%) 140 (54%) 84 (60%) 0.21 179 (55%) 45 (62%) 0.30
Cardiac disease 46 (12%) 31 (12%) 15 (11%) 0.87 38 (12%) 8 (11%) 1.00
Liver disease 3(1%) 2(1%) 1(1%) 1.00 2 (1%) 1 (1%) 0.45
Chronic kidney disease 32 (8%) 16 (6%) 16 (11%) 0.08 21 (6%) 11 (15%) 0.03
COPD 4 (1%) 3(1%) 1(1%) 1.00 3 (1%) 1 (1%) 0.55
Asthma 26 (7%) 18 (7%) 8 (6%) 0.83 19 (6%) 7 (10%) 0.29
Active tuberculosis 6 (2%) 5 (2%) 1 (1%) 0.67 5 (2%) 1 (1%) 1.00
HIV/AIDS 0 (0%) 0 (0%) 0 (0%) - 0 (0%) 0 (0%) =
Malignancy 3(1%) 2(1%) 1(1%) 1.00 3 (1%) 0 (0%) 1.00
Neurologic disease 14 (4%) 8 (3%) 6 (4%) 0.57 9 (3%) 5 (7%) 0.15

‘ Smoking History ‘
Non-smoker 255 (64%) | 167 (64%) 88 (63%) 208 (64%) 47 (64%)

Previous smoker 111 (28%) 68 (26%) 43 (31%) 0.37 88 (27%) 23 (32%) 0.36
Current smoker 32 (8%) 24 (9%) 8 (6%) 29 (9%) 3 (4%)

‘ Treatments/Interventions ‘
Dexamethasone 311 (78%) 193 (74%) 118 (85%) 0.01 247 (76%) 64 (88%) 0.03
Remdesivir 224 (56%) 131 (50%) 93 (67%) 0.001 177 (54%) 47 (64%) 0.12
Tocilizumab 207 (52%) 122 (47%) 85 (61%) 0.01 161 (49%) 46 (63%) 0.04
Anticoagulation/antthrombotics 353 (88%) 223 (85%) 130 (94%) 0.02 285 (87%) 68 (93%) 0.23
Convalescent Plasma 14 (3%) 7 (3%) 7 (5%) 0.26 11 (3%) 3 (4%) 0.73
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Antigen ID

igen Sequence (a a)

Agl (14-134) MQCVNLTTRTQLPPANNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCN 123aa
GVEGFNCYFPLQSYGFQPTNGVGYQPYRVVVLSFELLHAPATVCGPKKSTNLVKNKC
VNFNFNGLEHHHHHH*

Ag2 (358-683) MISNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQT 326aa
GKIADYNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQ
AGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPYRVVVLSFELLHAPATVCGPKKSTN
LVKNKCVNENFNGLTGTGVLTESNKKFLPFQQFGRDIADTTDAVRDPQTLEILDITPCS
FGGVSVITPGTNTSNQVAVLYQDVNCTEVPVAIHADQLTPTWRVYSTGSNVFQTRAG
CLIGAEHVNNSYECDIPIGAGICASYQTQTNSPRRLEHHHHHH*

Ag3 (507-683) MPYRVVVLSFELLHAPATVCGPKKSTNLVKNKCVNFNFNGLTGTGVLTESNKKFLPFQ 179aa
QFGRDIADTTDAVRDPQTLEILDITPCSFGGVSVITPGTNTSNQVAVLYQDVNCTEVPV
ATHADQLTPTWRVYSTGSNVFQTRAGCLIGAEHVNNSYECDIPIGAGICASYQTQTNSP
RRLEHHHHHH*

Ag4 (1040-1213) MVDFCGKGYHLMSFPQSAPHGVVFLHVTYVPAQEKNFTTAPAICHDGKAHFPREGVF 176aa
VSNGTHWFVTQRNFYEPQIITTDNTFVSGNCDVVIGIVNNTVYDPLQPELDSFKEELDK
YFKNHTSPDVDLGDISGINASVVNIQKEIDRLNEVAKNLNESLIDLQELGKYEQYIKWPLE
HHHHHH*

The list of potential vaccine candidates of spike protein and their IDs, amino acid sequence, and length. Amino acids in black bold emphasis represent the starting residue. M, methionine. Amino acids
in red are the Histidine tags at the C-terminus; red asterisk symbol (*) represents the stop codon.
The underlined values showed the immunogenic part of the antigen (epitope/motif).
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Biomarkers

Disease Progression

In-Hospital Mortality

N Crude RR p- Adjusted RR N Crude RR p- Adjusted RR
(95% Cl) value (95% Cly* (95% CI) value (95% Cly*

Absolute Lymphocyte < 233 231 (1.39-3.81)  0.001 191 (1.14-3.19) | 0.01 248 | 2.39 (1.25-4.56)  0.008 1.85 (095-3.59) | 007
1.1x10% cells/uL
Neutrophil to 234 | 849 (1.23-5848) | 003 5.21(0.73-37.13) | 0.10 249 | 555 (0.80-38.52)  0.08 319 (043-2332) | 025
lymphocyte ratio
(NLR) > 3
D-dimer > 1 pg/mL 206 | 414 (216-796) | <0.0001 | 3.50 (1.83-6.69) | <0.0001 = 219 508 (2.07-12.44) = <0.0001 = 395 (1.62-9.61) | 0.003
Albumin < 40 g/L 212 | 322(125-833) | 002 267 (1.05-6.78) | 0.04 227 | 456 (1.15-18.04) | 003 3.60 (0.91-14.24) | 0.07
Lactate dehydrogenase 225 | 262(1.57-438) | <0.0001 = 1.85(1.05-3.25) | 0.03 239 | 522(230-11.85) | <0.0001 | 543 (239-1237) = <0.0001
(LDH) > 359.5 U/L
Serum Ferritin > 574.5 219 | 141(0.86-230) | 0.7 0.98 (0.60-1.60) | 0.93 233 | 179 (091-3.54) | 0.10 127 (063-2.56) | 050
Hg/mL
High-Sensitivity C- 188 | 5.12(0.76-34.56) | 0.09 339 (0.47-24.67) | 023 199 | 362 (0.53-24.75) | 0.19 327 (044-2455) | 025

Reactive Protein (hsCRP)
> 5 mg/dL

*Adjusted to age using a cutoff of 55 years, presence of CKD, presence of DM, treatment with tocilizumab, and treatment with dexamethasone during hospitalization.
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9-mRNA signature
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IL10
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OAS2
TDRDY
SAPSII Score
#CD3 T cells
C3ARI1

ILIR2

CD74
ADGRE3
CIITA

AUROCrest

0.764
0.763
0.606
0.717
0.647
0305
0.668
0.645
0455
0578
0541
0.697
0594
0.644

AUPRCreqt

0.352
0351
0.339
0.270
0.266
0.222
0.180
0.172
0.160
0.133
0.126
0.118

Sensitivity

0.667
0.733
0.467
0.533
0.533
0.067
0.667
0.500
0.467
0.600
0.800
0.400
0.667
0.400

Specificity

0.808
0.667
0.705
0.872
0.654
0.949
0.513
0.718
0.338
0.590
0.346
0.833
0.487
0.782

PPV

0.400
0.297
0.233
0.444
0.229
0.200
0.208
0.241
0.121
0.220
0.190
0.316
0.200
0.261

NPV

0.926
0.929
0.873
0.907
0.879
0.841
0.889
0.889
0.765
0.885
0.900
0.878
0.884
0.871

F1 Score

0.500
0.423
0311
0.485
0.320
0.100
0317
0.326
0.192
0321
0.308
0.353
0.308
0316

Parameters are presented by descending Area Under the Precision Recall Curve (AUPRC) values. Values superior to 0.75 for Area Under the Receiver Operating Characteristics curve
(AUC) and 0.4 for AUPRC are underlined.

Prediction performances of 9-mRNA signature are highlighted in bold.
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